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ABBREVIATIONS ANO ENZYMES 
Compounds 
BSA, bovine serum albumin; 
Сол-А, Concanavaliл-А; 
d-, deoxy; 
dNTP, deoxyrlbonucleoslde triphosphate(s); 
DHO, dihydro-orotate; 
EHNA, erythro-9-(2-hydroxy-3-nonyl)adenlne; 
Hepes, 2-{4-(2-hydroxyethyl)-l-piperazinyl}ethane sulfonic acid; 
HPLC, High-performance liquid chromatography; 
LPS, lipopolysaccharide; 
MEMS, Minimum essential medium for suspension cultures; 
PBL, peripheral blood lymphocytes; 
PBS, phosphate buffered saline; 
PEI, polyethyleneimine; 
PHA, phytohemagglutinin; 
Pi, inorganic phosphate; 
PRPP, 5-phosphoribosyl 1-pyrophosphate; 
PWM, pokeweed mitogen; 
PPO, 2,5-diphenyloxazole; 
POPOP, 2,2'-P-phenylene-bis (^-methyl-S-phenyl-oxazole ) ; 
r l b o s e 1-P, r i b o s e 1 - p h o s p h a t e ; 
r i b o s e 5 - P , r i b o s e 5 - p h o s p h a t e ; 
RPMI 161*0, R o s w e l l Park M e m o r i a l I n s t i t u t e 1640 medium; 
SAH, S - a d e n o s y l - h o m o c y s t e i n e ; 
SAM, S - a d e n o s y l - m e t h i o n i n e ; 
SCID, S e v e r e Combined I m m u n o d e f i c i e n c y D i s e a s e ; 
SD, S t a n d a r d D e v i a t i o n ; and 
TCA, t r i c h l o r o a c e t i c a c i d . 
Enzymes 
Enz^mes_from purine metabolism (see Figs. 1.1, 1.3, 1.4, 1.7, 1.8, 5.1) 
ADA, adenosine deaminase (EC 3.5.4.4.); 
ADPase, adenosine triphosphatase; 
AK, adenosine kinase (EC 2.7.1.20); 
amido phosphorlbosyltransferase (EC 2.4.2.14); 
AMP deaminase, adenosine S'-monophosphate deaminase (EC 3.5.4.6.); 
6 
AMP kinase, adenosine 5 '-monophosphate kinase (EC 2.7.4.3.)¡ 
APRT, adenine phosphor!bosyltransferase (EC 2.4.2.7.); 
ATPase, adenosine triphosphatase; 
deoxyadenoslne kinase; 
deoxyguanosine kinase; 
CMP synthetase, guanosine 5'-monophosphate synthetase (EC 6.Э.5.2.); 
guanine deaminase (EC 3.5.4.3.); 
HGPRT, hypoxanthine-guanine phosphor!bosyltransferase (EC 2.4.2.Θ.); 
IMP dehydrogenase, inosine 5'-monophosphate dehydrogenase (EC 1.2.1.14.); 
purine 5'-nuclectidase (EC 3.1.3.5.); 
PNP, purine nucleoside Phosphorylase (EC 2.4.2.1.); 
PRPP synthetase, ATP : ribose 5-P pyrophosphotransferase (EC 2.7.6.1.); 
SAH hydrolase, S-adenosyl-homocysteine hydrolase (EC Э.З.1.1.); and 
xanthine oxidase, (EC 1.2.3.2. ). 
E n z y m e s _ f r o m _ g y r i m i d i n e _ m e t a b o l i s m (See F i g s . 1 . 2 , 1 . 3 ) 
АТС, a s p a r t a t e t r a n s c a r b a m y l a s e (EC 2 . 1 . 3 . 2 . ) ; 
CPS I I , c a r b a m y l - p h o s p h a t e s y n t h e t a s e (EC 2 . 7 . 2 . 9 . ) ; 
c y t i d i n e k i n a s e , (EC 2 . 7 . 1 . 4 8 ) ; 
DHOase, d i h y d r o - o r o t a s e (EC 3 . 5 . 2 . 3 . ) ; 
DHO d e h y d r o g e n a s e , d i h y d r o - o r o t a t e dehydrogenase (EC 1 . 3 . 3 . 1 . ) ; 
d e o x y c y t i d i n e k i n a s e , (EC 2 . 7 . 1 . 7 4 . ) ; 
dCMP d e a m i n a s e , d e o x y c y t i d y l a t e d e a m i n a s e ; 
OPRT, o r o t a t e p h o s p h o r ! b o s y l t r a n s f e r a s e (EC 2 . 4 . 2 . 1 0 ) ; 
ODC, o r o t i d i n e 5'-monophosphate (EC 4 . 1 . 1 . 2 3 . ) ; 
t h y m i d i n e k i n a s e , (EC 2 . 7 . 1 . 2 . ) ; 
TMP s y n t h e t a s e , t h y m i d i n e 5'-monophosphate s y n t h e t a s e (EC 2 . 1 . 1 . 4 5 . ) ; 
u r i d i n e k i n a s e , (EC 2 . 7 . 1 . 4 8 . ) ; and 
u r i d i n e P h o s p h o r y l a s e , (EC 2 . 4 . 2 . 3 . ) . 
O t h e r _ e n z ^ m e s (See F i g s . 1 . 4 , 1 . 5 ) 
DNA p o l I , DNA p o l y m e r a s e I ; 
g l u c o s e 6-P d e h y d r o g e n a s e ; 
l u c i f e r a s e ; 
phosphor!bomutase ; 
ribonucleotide reductase; 







1 . 1 . I n t r o d u c t o r y remarks 
Studies with bacteria, fungi and several mammalian cells, cell 
lines and organ's have given much insight in the mechanism of metabo-
lism of purine and pyrimidine nucleotides. These studies showed that 
there are not only similarities but also differences between the se-
veral cell types, organs and species. Previous studies on purine and 
pyrimidine metabolism performed at this laboratory (see thesis Tax, 
367) demonstrated that there are large differences in the nucleotide 
metabolism in red blood cells of various mammalian species. These 
studies also showed a close relationship between purine and pyrimi-
dine metabolism in which PRPP plays a considerable role. The impor-
tance of normal regulation of metabolic routes is most obvious when 
one or more steps show an altered regulation. In Table 1.1 a summary 
Is given of enzymes in purine and pyrimidine metabolism, that are 
associated with some kind of human disease. Details about these dis-
orders can be found in the references. 
The need to find the metabolic basis of the disturbances caused 
by ADA and PNP deficiencies in man leading to immune disorders, has 
given the impetus for this study. In the following sections the cur-
rent knowledge on purine and pyrimidine metabolism and its regulation, 
especially in lymphocytes, will be reviewed. A short description of 
the immune system will be given before the immune disorders associa-
ted with aberrations in purine metabolism are discussed. The chapter 
will be concluded with the aim and scope of this study. 
1 . 2 . P u r i n e m e t a b o l i s m 
1 . 2 . 1 . P u r i n e n u c l e o t i d e s y n t h e s i s and i n t e r c o n v e r s i o n s 
P u r i n e n u c l e o t i d e s can be s y n t h e s i z e d from s e v e r a l s i m p l e p r e -
c u r s o r s l i k e c a r b o n d i o x i d e and amino a c i d s v i a t h e de n o v o p a t h w a y 
and v i a s a l v a g e p a t h w a y s t h a t u s e p r e f o r m e d n u c l e o s i d e s and b a s e s 
t h a t o r i g i n a t e from t h e d i e t o r a r e p r o d u c t s o f RNA and DNA b r e a k -
down ( C e n e r a i r e v i e w s : 1 0 9 , 1 1 3 , 1 3 7 , 1 9 6 , 1 9 7 , 2 8 1 ) . L y m p h o c y t e s 
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T a b l e 1 . 1 . P r i m a r y d i s o r d e r s i n p u r i n e and p y r l m l d i n e m e t a b o l i s m 
Enzyme P a t h o l o g y R e f e r e n c e 
1 . D e f i c i e n c y or 
HCPRT Lesch-Nyhan syndrome 209 
X - l i n k e d gout 325 
APRT r e n a l s t o n e s 51 
ADA SC1D 122 
PNP s e v e r e T - c e l l d y s f u n c t i o n 123 
E c t o - 5 ' - n u c l e o t i d a s e aggammaglobul lnemia 93 
AMP deaminase muscle weakness 100 
A d e n y l a t e k i n a s e h e m o l y t i c anemia 356 
X a n t h i n e o x i d a s e x a n t h i n u r i a 6 3 
PRPP s y n t h e t a s e m e g a l o b l a s t i c a n e m i a , 
h y p o u r i cernia 
OPRT a n d / o r ODC o r o t i c a c i d u r i a , 
m e g a l o b l a s t i c anemia 
1Ю5 
P y r i m i d l n e 5 ' - n u c l e o t i d a s e h e m o l y t i c anemia 394 
169 
2 . I n c r e a s e d a c t i v i t y 
ADA h e m o l y t i c anemia 395 
PRPP s y n t h e t a s e h y p e r u r i c e m i a 19 
can a l s o use p r e f o r m e d p u r i n e s t h a t were s y n t h e s i z e d i n t h e l i v e r 
( 2 4 4 ) . A s i m p l e o v e r a l l scheme o f p u r i n e m e t a b o l i s m i s p r e s e n t e d I n 
F i g . 1 . 1 . 
P u r i n e de novo s y n t h e s i s i n l y m p h o c y t e s has been s t u d i e d by 
assay of s e v e r a l enzymes o f the de novo pathway and by measurement 
o f t h e i n c o r p o r a t i o n o f l a b e l l e d p r e c u r s o r s l i k e { 1 * C } g l y c i n e and 
f 1 "C} f o r m a t e I n t o i n t e r m e d i a t e s as f ormyl g l y c i n a m i d e r i b o n u c l e o t i d e 
and i n t o n u c l e o t i d e s . I n t e r p r e t a t i o n o f t h e r e s u l t s of t h e s e e x p e r i ­
ments i s u s u a l l y d i f f i c u l t s i n c e t h e i n c o r p o r a t e d amount o f r a d i o a c ­
t i v i t y i s m o s t l y g i v e n i n cpm and sometimes w i t h o u t the s p e c i f i c a c ­
t i v i t y o f t h e used p r e c u r s o r . However, from t h e s e e x p e r i m e n t s i t i s 
10 
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Fig. 1.1. De novo pathway and salvage pathways for the biosynthesis 
of purine nucleotides 
clear that the overall rate of purine de novo synthesis in PBL of 
man and pig is very low and less than 5 pmol of glycine or formate 
incorporated into nucleotides per 10 6 cells/hr (168, 170, 191, 250, 
Э4Э, 3^7). The rate of overall purine de novo synthesis in PBL is 
well below the activity of the first and rate-limiting enzyme in th 
purine de novo pathway, amido phosphoribosyltransferase (6, 17, 225 
408). The end products of purine de novo synthesis, the mono nucleo 
tides, are involved in feedback regulation by inhibiting the amido 
phosphoribosyltransferase (17, 163, 299, 418). One substrate for th 
amido phosphor!bosyltransferase, PRPP, is also a substrate for pu­
rine salvage pathways and pyrlmidine de novo synthesis. Because of 
its importance, its regulating role in metabolism will be discussed 
in section 1.4. 
An important purine salvage enzyme is HGPRT that catalyzes the 
synthesis of GMP and IMP from guanine and hypoxanthine, respective­
ly. PRPP serves as the phosphoribosyl donor for these reactions and 
11 
for the synthesis of AMP fron adenine, in a reaction catalyzed by 
APRT. Both enzymes have a considerable activity in lysates of human 
lymphocytes (18, 7k, θ*, 2Θ7, 320, Ψ01, chapter 2). The substrates 
for HGPRT can be formed by the cell itself by degradation of nucleo­
tides or can be taken up from plasma (422). No adenosine Phosphory­
lase has been detected in mammalian cells and the only source of 
adenine for APRT is thought to be uptake by the intestine. However, 
in cultured cells it has been demonstrated that adenine can be for­
med in the polyamine pathway (1Θ9, 262), but this has not yet been 
demonstrated for PBL. 
In intact cells incorporation of bases into nucleotides proceeds 
at a much lower rate (less than 5X) than in cell extracts at optimal 
substrate concentrations (135, 168, 239, 31*3). Adenine and guanine 
are incorporated into adenine and guanine nucleotides, respectively. 
Hypoxanthine is predominantly incorporated into adenine nucleotides 
(> 7056), the remainder into hypoxanthine and guanine nucleotides 
(239). These results and those obtained with other cell types (ITt, 
339) Indicate that generally the synthesis of GMP and AMP from IMP 
proceeds at a relatively rapid rate in intact cells, while the rates 
of the breakdown of AMP and GMP to IMP and the subsequent conversion 
of IMP to GMP and AMP, respectively, are very low. The activity of 
IMP dehydrogenase, a key enzyme in the regulation of GTP production 
(183) amounts to 14 nmol/hr per 10' cells (18). AMP kinase, necessa­
ry for the synthesis of ADP and ATP, has an activity ten times higher 
than the activity of AMP deaminase in human lymphocytes (102). 
AMP can also be synthesized from adenosine by the action of AK. 
The enzyme from various sources has a MW of about 40 kD (7, 234, 424) 
and has a absolute requirement for Mg and ATP for its activity. 
The Km for adenosine is very low (about 1-5 uM) for purified prepa­
rations and crude extracts from various sources (8, 56, 182, 233, 
234, chapter 5). The phosphorylation of deoxyadenoslne can be cata­
lyzed by adenosine kinase, but also by deoxycytidine kinase and a 
distinct deoxyadenoslne kinase (3, 46, 49, 205, 216). The Km values 
for phosphorylation of deoxyadenoslne are relatively high In various 
systems, including human lymphocytes (0.1 - 1 mM; 46, 109, 205, chap­
ter 5). In human lymphocytes the activity of AK is about 1 nmol/hr 
per 106 cells (343, 401, chapter 5), the capacity of deoxyadenoslne 
phosphorylation is lower (3; chapter 5). Deoxyguanosine phosphoryla­
tion is considered to be catalyzed by deoxycytidine kinase (46, 49, 
181, 205) and a specific deoxyguanosine kinase (216). Phosphorylation 
of deoxyguanosine (253, 254, 314, chapter 8) has a higher activity 
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in human lymphocytes than that of deoxyadenoslne ('•б, chapter 5 ) . 
1.2.2. Purine nucleoside metabolism 
Adenosine and deoxyadenoslne can be deaminated by ADA to inosine 
and deoxyinosine, respectively (reviewed by Fox 4 Kelley, 109; see 
Figs. 1.1, 1.7, Ι.Θ, and 5.1). In lymphoid tissues ADA is present in 
one molecular form with a MW of 35 kD (159, 219, 399). A high HW 
form (MW 280 kD), that consists of the low MW form and a combining 
protein with a HW of 213 kD (Θ0) is present in human lung, liver, 
intestine and kidney (219, 399). A 100 kD form is present in tissues 
of lower vertebrates (159) and man. The various forms have different 
kinetic properties (reviewed by Hirschhorn & Ratech, 159). The 35 kD 
enzyme has a comparable activity with adenosine and deoxyadenoslne, 
a low Km value for both substrates (about 30 μΜ) and is completely 
inhibi table by EHNA and deoxycoformycin (80, 159, 29*, 296). On the 
contrary, the 100 kD enzyme has a much higher activity with adenosine 
than with deoxyadenoslne, a high Km value (about 1-3 mM) for adeno­
sine and is not inhibited by EHNA and deoxycoformycin. 
PNP catalyzes the phosphorylysis of the products of ADA to hypo-
xanthine, and of guanosine and deoxyguanosine to guanine. The enzyme 
has been purified from various sources and has shown to be a trimer 
with a total MW of 80-90 kD (121, 128, 176, 199, 256, 260, 317, 349, 
412, 429). With the enzyme of most sources all four nucleosides show 
comparable kinetics and phosphorylysis rates. The Km values vary from 
30-300 uM in the various preparations. 
Large differences were noted in the activities of ADA (229, 
chapter 5) and PNP (34, chapter 5) in the lymphocytes of the various 
mammalian species. In human lymphocytes the activity of PNP is higher 
than that of ADA (250, 253, 399, chapter 5) and any inosine formed 
will rapidly be broken down to hypoxanthine. With intact lymphocytes 
adenosine can be deaminated and phosphorylated. At a low adenosine 
concentration (< 10 μΜ) phosphorylation is comparable to deamination, 
at higher concentrations deamination is higher (217, 287, 343). Since 
a guanosine and inosine kinase activity is not present or very low 
in mammalian tissues and lymphocytes (42, 265, chapter 8 ) , these nu­
cleosides are only phosphorylyzed. This also holds for deoxyguano­
sine in various cell types (174, chapter 8 ) . Deoxyadenoslne will be 
predominantly deaminated in PBL since the phosphorylating 
activity is very low and shows a high Km value for deoxyadenoslne 
(chapter 5 ) . Even with equine lymphocytes that have a very low ADA 
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a c t i v i t y , d e o x y a d e n o s i n e w i l l be broken down t o d e o x y i n o s i n e ( 2 1 7 ) 
and s u b s e q u e n t l y t o h y p o x a n t h l n e . X a n t h i n e o x i d a s e , t h a t c a t a l y z e s 
the f u r t h e r d e g r a d a t i o n o f h y p o x a n t h l n e t o x a n t h i n e and u r i c a c i d , 
i s n o t p r e s e n t i n mammalian l y m p h o c y t e s ( 2 4 8 , 3 2 0 ) . 
The n u c l e o s i d e s a d e n o s i n e , i n o s i n e and guanosine can be formed 
from t h e i r n u c l e o t i d e s i n a r e a c t i o n c a t a l y z e d by 5 ' - n u c l e o t i d a s e 
o r a n o n - s p e c i f i c p h o s p h a t a s e ( 2 4 7 ) . The a c t i v i t y o f m o n o - 5 ' - n u c l e o ­
t i d a s e i s c o m p a r a b l e w i t h IMP and AMP as s u b s t r a t e s ( 3 7 3 , 4 1 1 , c h a p ­
t e r 5 ) . AMP deaminase has a c o n s i d e r a b l e r o l e i n the breakdown o f 
AMP i n mammalian l i v e r and muscle ( 3 9 8 ) . I t i s a l s o p r e s e n t i n mam­
m a l i a n l y m p h o c y t e s ( 1 0 1 , 1 0 2 , c h a p t e r 5 ) b u t t h e a c t i v i t y o f a d e n y ­
l a t e k i n a s e i s much h i g h e r ( 1 0 2 ) . An e c t o - 5 ' - n u c l e o t i d a s e has been 
found on mammalian l y m p h o c y t e s (66, 9 3 , 9 5 , 3 7 3 , 4 1 1 , c h a p t e r 5 ) . 
The AMP n e c e s s a r y f o r t h i s r e a c t i o n can be formed by an ecto-ADPase 
( 3 4 1 ) and an e c t o - A T P a s e ( 9 3 ) t h a t a r e a l s o p r e s e n t on l y m p h o c y t e s . 
Some c h a r a t e r i s t i cs o f the 5 ' - n u c l e o t i d a s e i n l y m p h o c y t e s were r e ­
c e n t l y d i s c u s s e d by U u s i t a l o ( 3 9 3 ) . 
E x c e p t by d e p h o s p h o r y l a t i o n o f AMP, a d e n o s i n e can a l s o be f o r ­
med from SAH, t h a t i s formed i n r e a c t i o n s where SAM s e r v e s as a me­
t h y l donor. A h i g h c o n c e n t r a t i o n o f a d e n o s i n e or d e o x y a d e n o s i n e , as 
p r e s e n t i n l y m p h o c y t e s o f p a t i e n t s w i t h A D A - d e f i c i e n c y ( 2 0 6 ) , can 
i n h i b i t the enzyme SAH h y d r o l a s e ( 1 4 4 , c h a p t e r 5 ) . T h i s can cause 
an a c c u m u l a t i o n o f SAH t h a t can i n h i b i t m e t h y l a t i o n r e a c t i o n s ( 1 Θ 8 ) . 
1 . 2 . 3 . I n f l u e n c e o f m l t o g e n i c s t i m u l a t i o n on p u r i n e m e t a b o l i s m 
P H A - s t i m u l a t i o n o f l y m p h o c y t e s i n d u c e s a number o f e v e n t s I n 
t h e c e l l ( r e v i e w e d by L i n g & Kay, 2 1 1 ) and i s c o n s i d e r e d to be an 
I n v i t r o f u n c t i o n t e s t o f the a b i l i t y of l y m p h o c y t e s to r e c o g n i z e 
an a n t i g e n i n v i v o . The c e l l d i v i s i o n i s r e f l e c t e d by an enhanced 
p u r i n e s y n t h e s i s de novo ( 1 6 8 , 1 7 0 , 2 5 0 , 3 2 4 , 3 4 3 , 3 4 7 ) . The r e q u i ­
rement o f p u r i n e b i o s y n t h e s i s de novo f o r l y m p h o c y t e response to 
m i t o g e n s was d e m o n s t r a t e d by the marked s u p p r e s s i o n of t h i s response 
by i n h i b i t o r s o f t h e p u r i n e de novo s y n t h e s i s , a z a s e r i n e and 6 - m e r -
c a p t o p u r l n e ( 5 ) . 
The a c t i v i t y o f PRPP s y n t h e t a s e and amido p h o s p h o r ! b o s y l t r a n s ­
f e r a s e per mg p r o t e i n I s n o t i n c r e a s e d a t P H A - s t i m u l a t i o n ( 6 , 3 4 3 , 
4 0 8 ) , but t h e c o n c e n t r a t i o n of PRPP i s 3 - 1 0 f o l d e l e v a t e d r a p i d l y 
a f t e r t h e a d d i t i o n o f PHA ( 7 4 , 1 6 6 , 3 4 3 , c h a p t e r 3 ) . T h i s i s p r o b a ­
b l y due to an I n c r e a s e d r a t e o f the hexose monophosphate shunt ( 1 3 4 , 
2 3 1 , 3 0 5 , 3 1 3 ) r e s u l t i n g i n a h i g h e r c o n c e n t r a t i o n o f r i b o s e 5 - P , 
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one o f the s u b s t r a t e s of PRPP s y n t h e t a s e . 
Pur ine salvage pathways a lso show a h igher a c t i v i t y a t PHA-st i-
m u l a t i o n . This i s demonstrated most c l e a r l y by the i n c r e a s e d i n c o r p o ­
r a t i o n i n t o n u c l e o t i d e s o f adenine, guanine and hypoxanthlne (more 
than 5 - f o l d ) i n human lymphocytes (16Θ, 2*0, 267, 3 4 3 ) . Adenosine 
i n c o r p o r a t i o n i s a lso i n c r e a s e d , but o n l y a t a low c o n c e n t r a t i o n 
p h o s p h o r y l a t i o n exceeds deamination ( 3 4 3 ) . The increased i n c o r p o r a ­
t i o n of p u r i n e bases i s accompanied by a h igher c e l l u l a r a c t i v i t y of 
HGPRT, APRT and AK (286, 287, 401) a l though no i n c r e a s e of HGPRT and 
APRT per mg p r o t e i n was found ( 3 4 3 ) . The a c t i v i t i e s o f ADA and PNP 
show no s i g n i f i c a n t change d u r i n g PHA-st imulat ion ( 1 5 1 , 152, 267, 
335, 343, 4 0 1 ) . 
1.3. P y r i m i d l n e metabolism 
1 . 3 . 1 . S^nthes ls_and_degradat ion of g ^ r i m i d i n e n u c l e o t i d e s 
Synthesis of p y r i m i d l n e n u c l e o t i d e s can be mediated v ia de novo 
s y n t h e s i s , t h a t uses C02 and glutamine as p r e c u r s o r s , and v ia a s a l ­
vage pathway ( F i g . 1.2; general r e v i e w s , 186, 208, 329) . Since human 
lymphocytes are capable to i n c o r p o r a t e smal l amounts of * "COj (about 
4 pmol per hr per 10 6 c e l l s ) i n t o t h e i r p y r i m i d l n e n u c l e o t i d e s (178) 
a l l enzymes of the o r o t i c a c i d pathway w i l l be p r e s e n t . The f i r s t 
three enzymes of t h i s pathway, CPS I I , АТС and DHOase, c o p u r i f y as 
one enxyme complex from the c y t o s o l of most k i n d s of c e l l s ( rev iewed 
by Dones, 1 8 6 ) . In human lymphocytes i t has o n l y been demonstrated 
t h a t CPS I I and АТС form one enzyme complex ( 1 7 9 ) . CPS has a very 
low a c t i v i t y i n human lymphocytes (about 4 pmol carbamyl-phosphate 
synthes ized per min per mg c e l l p r o t e i n ) . The enzyme i s i n h i b i t e d 
by DTP, the end product of the o r o t i c a c i d pathway and s t i m u l a t e d 
by PRPP (178, 3 5 9 ) . I t i s considered to be the r a t e - l i m i t i n g enzyme 
of the o r o t i c a c i d pathway. The a c t i v i t y of АТС i s 1 0 0 - f o l d h i g h e r 
than t h a t of CPS (179) and the a c t i v i t y of DHOase i s 10SÍ of t h a t of 
АТС ( 2 1 4 ) . The next enzyme i n the o r o t i c a c i d pathway, DHO dehydro­
genase, has not yet been demonstrated i n lymphocytes. In murine and 
r a t l i v e r i t i s l o c a t e d i n the i n n e r membrane of m i t o c h o n d r i a (60, 
1 9 8 ) . Since lymphocytes have few m i t o c h o n d r i a , a c t i v i t y of the en­
zyme could be r a t e - l i m i t i n g f o r the novo pathway. The next two en­
zymes, 0PRT and ODC, e x i s t as an enzyme complex i n most c e l l types 
(186, 3 2 9 ) . The a c t i v i t y of OPRT i n human lymphocytes i s comparable 
t o t h a t of DHOase ( 2 1 4 ) . In most k i n d s of c e l l s the a c t i v i t y of ODC 
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FI g. 1.2. De novo pathway and salvage pathway for the biosynthesis 
of pyrlmidlne ribonucleotides and deoxyri bonucleotides. 
The enzymes catalyzing these conversions are: 1, CPS; 2, АТС; 3, 
DHOase; 't, DHO dehydrogenase; 5, OPRT; 6, ODC; 7, uridine kinase; 
8, 5 '-nucleotidase; 9, pyrimidine nucleoside Phosphorylase; 10, thy­
midine kinase; and 11, TMP synthetase. 
is about twice the activity of OPRT (ll^, 264, 363, chapter 2 ) . OPRT 
can also be an important regulatory site of UMP synthesis (61, 164), 
especially when UTP levels are low. 
The activity of uridine kinase in human PBL is comparable to 
that of OPRT (370). Other pyrimidine salvage pathway enzymes, thymi­
dine kinase and deoxycytidine kinase are also present in human lym­
phocytes (243, 266), but the presence of specific salvage enzymes 
of the pyrimidine bases, uracil and thymine, has not yet been repor­
ted in lymphocytes. Degradation of pyrimidine nucleotides is cataly­
zed by a 5 '-nucleotidase that shows substrate specificity in eryth­
rocytes for UMP and CMP (260, 375). The products thymidine, cytidine 
and uridine can be phosphorylyzed by pyrimidine nucleoside Phospho­
rylase to their bases thymine, cytosine and uracil, respectively. 
Uracil can also be formed by deamination of cytosine. With intact 
human lymphocytes uridine phosphorylysis exceeds phosphorylation, 
while with intact equine lymphocytes phosphorylysis is not measu-
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r a b i e ( 3 7 0 ) . F u r t h e r catabol lsm of thymine occurs v i a d ihydrothymine 
and g - u r e i d o - i s o b u t y r i с a c i d t o ß -amino-bu ty r iс a c i d ( 3 9 2 ) . 
1 .3.2. I n f l u e n c e of m i t o g e n i c s t i m u l a t i o n on g y r i m i d i n e metabolism 
At PHA-st imulat ion the r a t e of p y r i m i d i n e de novo s y n t h e s i s i n ­
creases. The 3-8 I f o i d i n c r e a s e o f b i c a r b o n a t e i n c o r p o r a t i o n (170, 
178) i s accompanied by a 3 - f o l d increase of the a c t i v i t i e s of CPS 
and АТС (178, 179, 2 1 3 ) , but no i n c r e a s e i n the a c t i v i t i e s of DHOase, 
OPRT and ODC »аЪ found ( 2 1 * , chapter * ) . Aspartate and o r o t i c a c i d 
I n c o r p o r a t i o n i n t o n u c l e o t i d e s are only Increased to a low e x t e n t a t 
PHA-st imulat ion of human lymphocytes, w h i l e u r i d i n e i n c o r p o r a t i o n 
increased more than l b - f o l d (213, chapter 7 ) . This i n d i c a t e s t h a t 
salvage pathways are more i m p o r t a n t a t s t i m u l a t i o n f o r the s y n t h e s i s 
o f p y r i m i d i n e n u c l e o t i d e s than the de novo pathway. Measurement of 
u r i d i n e and thymid ine i n c o r p o r a t i o n , t h a t a lso i n c r e a s e s more than 
3 0 - f o l d , are now e s t a b l i s h e d markers of PHA-st imulat ion ( 2 1 1 ) , but 
agents t h a t a l t e r nucleos ide t r a n s p o r t or i n t r a c e l l u l a r n u c l e o t i d e 
pools can i n f l u e n c e i n c o r p o r a t i o n . Independent ly of any e f f e c t s on c e l ­
l u l a r p r o l i f e r a t i o n ( ^ 5 , 8 9 ) . The i n c r e a s e i n p y r i m i d i n e nuc leos ide 
i n c o r p o r a t i o n I s accompanied by a more than 1 0 - f o l d i n c r e a s e i n the 
a c t i v i t i e s of u r i d i n e and c y t i d i n e k inase (180, 192, 213, chapter ¡O. 
The a c t i v i t i e s of the deoxynucleosi de k inases , thymid ine k inase and 
deoxycy t ld ine k inase (165, 2 *3 , 266) and of deoxycy t i dy l a te deami-
nase a lso increase markedly (266) . Thymidyiate syn the tase , t h a t i s 
respons ib le f o r the de novo syn thes is o f TMP by the me thy la t i on of 
dUMP, appears i n human lymphocytes at PHA-s t imula t ion (133) . Thymine 
nuc leo t i des synthes ized v ia u r i d i n e k inase and thymidy ia te synthe-
tase are more c l o s e l y l o c a l i z e d near the mul t i -enzyme complex 
of DNA r e p l i c a t i o n than the thymine nuc leo t i des der ived from thymi -
dine k inase (358) . Unincorporated nuc leo t i des are r a p i d l y degraded 
(357) . Pyr im id ine nuc leos ide Phosphorylase a c t i v i t y r a p i d l y i n c r e a -
ses i n Con-Α s t i m u l a t e d murine lymphocytes (392) and PHA-stimulated 
equine and p o r c i n e lymphocytes (chapter * ) . 
1 . * . I n t e r a c t i o n of p y r i m i d i n e and p u r i n e metabolism 
ì i i t i ì i ît!Ê.E2ÎË.°f.PÇPP 
In I n t a c t c e l l s pur ine and py r im id ine metabolism are no sepa-












Fig. 1.3. Metabolism of PRPP. gin, glutamine; PRA, phosphoribosylamlne. 
wed by Tatlbana, 360) and with the metabolism of amino acids and car-
bohydrates. The pentose unit is added to purine and pyrimidine pre-
cursors via PRPP by the action of several phosphor!bosyltransferases; 
OPRT in pyrimidine metabolism, HGPRT, APRT and amido phosphor!bosyl-
transferase in purine metabolism (Fig. 1.3). PRPP is also a substra-
te for many other phosphor!bosyltransferases (reviewed by Fox 4 Kel-
ley, 104 and Musick, 245), e.g. nicotinamide phosphorlbosyltransfe-
rase, that is essential for pyridine nucleotide synthesis. Therefore 
its availability is crucial to cell metabolism. 
PRPP synthesis from ATP and ribose 5-P is catalyzed by PRPP syn-
thetase (reviewed by Becker et al., 21). Kinetics have been studied 
extensively for this enzyme from various sources (10, 105, 126, 306, 
355, 417, chapter 3). AMP, the other product of the PRPP synthetase 
reaction, and ADP are powerful inhibitors of the enzyme and to a lo-
wer extent also pyrimidine and guanine nucleotides. Inorganic phos-
phate is an essential allosteric activator for PRPP synthetase ac-
tivity (14, 147, 289). ATP shows substrate inhibition (77, 306, chap-
ter 3). Mutant PRPP synthetases with aberrant kinetics were found 
in erythrocytes from gouty patients (19, 251, 346). The hyperactivi-
ty probably contributes to the hyperuricemia. 
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F l q . 1.». M e t a b o l i c r o u t e s l e a d i n g t o the s y n t h e s i s of PRPP 
phosphate pathway, as w e l l of the o x i d a t i v e as of the non-oxida t i ve 
branch ( F i g . 1.4·). In f i b r o b l a s t s the non-oxida t i ve branch seems to 
be predominant f o r r i b o s e 5-P s y n t h e s i s ( 2 9 0 ) , but i n e r y t h r o c y t e s 
s t i m u l a t i o n of the o x i d a t i v e branch r e s u l t s i n an i n c r e a s e of the 
PRPP c o n c e n t r a t i o n ( 4 2 5 ) . I t i s not c l e a r what branch i s r e s p o n s i b l e 
f o r r i b o s e 5-P s y n t h e s i s i n p e r i p h e r a l and s t i m u l a t e d lymphocytes. 
At PHA-st imulat ion of lymphocytes a h igher { 1 - l * C J g l u c o s e o x i d a t i o n 
r e f l e c t s a h igher a c t i v i t y of the o x i d a t i v e branch of the pentose 
phosphate pathway ( 1 3 * , 2 3 1 , 3 0 5 ) . At PHA-st imulat ion a lso an e l e v a ­
t i o n of the PRPP c o n c e n t r a t i o n i s observed (74, 166, 3*3, chapter 3 ) . 
However, both phenomena have not yet been s t u d i e d s i m u l t a n e o u s l y . 
Ah a l t e r n a t i v e source f o r r i b o s e 5-P may be the r i b o s e 1-P t h a t i s 
formed by the p h o s p h o r y l y s i s of r i b o n u c l e o s i d e s ( 3 3 6 ) . By the a c t i o n 
of phosphoribomutase r i b o s e 1-P can be converted to r i b o s e 5-P. 
1 . 4 . 2 . I n t e r a c t i o n of n u c l e o t i d e s 
N u c l e o t i d e s are necessary i n balanced amounts f o r the s y n t h e s i s 
of RNA and DNA. R i b o n u c l e o t i d e a v a i l a b i l i t y i s c o n t r o l l e d by feedback 
i n h i b i t i o n o f the end products and t h e i r c o n c e n t r a t i o n s most ly show 
l i t t l e f l u c t u a t i o n s under normal c o n d i t i o n s . ATP has the h i g h e s t con­
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F i g . 1 . 5 . A l l o s t e r l c r e g u l a t i o n o f r i b o n u c l e o t i d e r e d u c t i o n . S o l i d 
l i n e s r e p r e s e n t i n h i b i t i o n o f t h e r e d u c t i o n o f t h e r l b o d i -
n u c l e o t i d e s i n d i c a t e d by t h e c r o s s - h a t c h e d b a r s . Broken l i n e s r e p r e ­
s e n t a c t i v a t i o n o f enzyme a c t i v i t y f o r the i n d i c a t e d compounds 
( M o d i f i e d from 2Θ1 and 3 0 1 ) . 
c y t e s i t s c o n c e n t r a t i o n i s a b o u t 600 p m o l / 1 0 6 c e l l s (79, 2 4 6 , 3 1 8 , 
3 2 1 , 416, c h a p t e r 9 ) . ATP i s n o t o n l y an e n e r g y donor f o r many a n a ­
b o l i c r o u t e s but i t a l s o a c t s as a m e t a b o l i c r e g u l a t o r f o r r i b o n u ­
c l e o t i d e r e d u c t a s e ( 2 3 8 ) . T h i s enzyme c a t a l y z e s t h e r e d u c t i o n o f CDP, 
UDP, GDP and ADP t o t h e i r deoxycompounds. dNTP a c t i n t h e s e r e a c t i o n s 
as a l l o s t e r l c e f f e c t o r s ( 3 0 1 ) . The complex r e g u l a t i o n o f t h i s enzyme 
a p p e a r s t o be d i f f e r e n t i n s e v e r a l c e l l t y p e s ( 1 7 3 ) . A s i m p l i f i e d 
scheme o f i t s r e g u l a t i o n , t h a t seems to h o l d f o r most c e l l t y p e s i s 
p r e s e n t e d i n F i g . 1 . 5 . R e g u l a t i o n i n c l u d e s feedback i n h i b i t i o n by 
dATP of the r e d u c t i o n o f a l l r i b o d i n u c l e o t i d e s , i n h i b i t i o n by dCTP 
o f the r e d u c t i o n o f GDP, CDP and UDP, and i n h i b i t i o n by TTP o f t h e 
r e d u c t i o n o f UDP and CDP; s t i m u l a t i o n by ATP of t h e r e d u c t i o n o f p y -
r i m i d i n e r i b o d i n u c l e o t i d e s and by TTP o f t h e GDP r e d u c t i o n . The c o n ­
c e n t r a t i o n s o f the dNTP a r e v e r y low i n p e r i p h e r a l human l y m p h o c y t e s 
( 0 . 1 t o 10 p m o l / 1 0 6 c e l l s ) b e i n g t h e l o w e s t f o r dCTP ( 1 7 5 , 1 9 5 , 3 6 1 , 
3 8 4 , 3 8 5 , c h a p t e r 9 ) . When t h e c e l l s e n t e r t h e S-phase ( e . g . a t PHA-
s t i m u l a t i o n ) an i n c r e a s e o f t h e a c t i v i t y o f DNA p o l y m e r a s e i s p a r a l ­
l e l l e d w i t h an i n c r e a s e i n the c o n c e n t r a t i o n o f some dNTP ( 2 4 2 , 3 8 4 , 
3 8 5 ) . 
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1 . 5 . Some a s p e c t s of t h e immune sys tem 
Lymphocytes a r e s m a l l c i r c u l a t i n g c e l l s ( d i a m e t e r a b o u t 10 gm), 
t h a t p l a y an i m p o r t a n t r o l e i n immune f u n c t i o n . Knowledge of t h e on­
t o g e n y and t h e f u n c t i o n of t h e immune sys tem c o n s i d e r a b l y i n c r e a s e d 
i n t h e l a s t decade and s e v e r a l r e v i e w s and t h e s e s on t h i s s u b j e c t 
have r e c e n t l y b e l p u b l i s h e d ( s e e e . g . 2 7 , 72, 8 2 , 9 8 , 2 0 ^ , 304, 4 0 2 ) . 
These r e v i e w s form t h e b a s i s of a s h o r t summary of some a s p e c t s of 
immunology t h a t a r e n e c e s s a r y f o r p r o p e r u n d e r s t a n d i n g of t h e f o l l o ­
wing s e c t i o n s , ν 
Lymphocytes and a l l o t h e r b lood c e l l s a r e formed from a common 
stem c e l l l o c a t e d i n t h e f e t a l l i v e r and t h e bone marrow. The lympho­
c y t e s d i f f e r e n t i a t e f u r t h e r i n t o T- and B - c e l l s and some c e l l s t h a t 
b e a r no T- or B - c e l l m a r k e r s ( F i g . 1 . 6 ) . B- lymphocytes a r e r e s p o n s i ­
b l e f o r t h e humoral immunity ( p r o d u c t i o n of a n t i b o d i e s a g a i n s t most 
b a c t e r i a and o t h e r n o n - s e l f c e l l s ) . In mammals B - c e l l s a r e p r o b a b l y 
formed i n t h e bone-marrow or i n lymphoid t i s s u e s l i k e t h e lymph n o d e s , 
t o n s i l s and t h e l a m i n a p r o p i a of t h e gut ( 8 2 ) . T - c e l l s a r e r e s p o n s i ­
b l e f o r t h e c e l l u l a r immunity ( a g a i n s t v i r i and fungi i n f e c t i o n s and 
a l s o some b a c t e r i a , t u m o r s and t r a n s p l a n t â t e s ) . 
The thymus s e r v e s a s a s i t e fo r T - c e l l d i f f e r e n t i a t i o n . T h i s 
g l and i s a b i l o b e d o rgan l o c a t e d j u s t above t h e h e a r t . Neona ta l t h y -
mectomy ( removal of t he thymus) r e s u l t s i n s e v e r e d e p l e t i o n of t he 
lymphocy te p o p u l a t i o n and s e r i o u s Immunolog ica l d e f e c t s of the ma-
t u r e a n i m a l . Adul t thymectomy g e n e r a l l y does no t a c c e l e r a t e t he d e -
c l i n e in immunocompetence t h a t i s n o r m a l l y found wi th a g e i n g . The 
thymus p l a y s an i m p o r t a n t r o l e in t h e on togeny of t he immune s y s t e m , 
e s p e c i a l l y in t he p e r i o d j u s t b e f o r e d e l i v e r y u n t i l the t ime t h a t 
t he i n v o l u t i o n of the thymus b e g i n s . I n v o l u t i o n i s c h a r a c l o r i / c d by 
a d e c l i n e in we igh t of t h e t o t a l thymus, an i n c r e a s e i n the p r o p o r -
t i o n of f a t and the d e p l e t i o n of c o r t i c a l lymphoid a r e a s . I n v o l u t i o n 
of t he thymus i n man s t a r t s a f t e r p u b e r t y and w i t h r a t s and mice af-
t e r one month . 
S e v e r a l s u b s e t s of T - c e l l s o r i g i n a t e from the thymus. U n d i f f e -
r e n t i a t e d pro thymocy te s t h a t l a c k a l l t he T - c e l l c h a r a c t e r i s t i c s , 
e n t e r t he thymus and d i f f e r e n t i a t e / m a t u r e i n i t i a l l y in the o u t e r 
p a r t of t he thymus , t he thymic c o r t e x . Then the c e l l s p a r t i a l l y move 
to t he thymic m e d u l l a where they f u r t h e r m a t u r e . Dur ing t h e i r s t a y 
i n t h e thymus , c e l l s d e v e l o p d i s t i n c t changes of c e l l s u r f a c e m a r k e r s 
and f u n c t i o n a l p r o p e r t i e s . Th i s p r o c e s s i s i n d u c e d by s e v e r a l thymic 






F l q . 1.6. Ontogeny and r e g u l a t i o n of the c e l l u l a r immune system (mo-
d i f i e d from ЗСО 
F i g . 1.6 shows the i n t e r a c t i o n s of s e v e r a l T - c e l l subsets and 
B - c e l l s i n order to mediate c e l l u l a r and humoral immune response. 
Macrophages p l a y an i m p o r t a n t r o l e i n the immune response, because 
they f i r s t recognize an a n t i g e n . The c e l l b e a r i n g the a n t i g e n can 
be destroyed by phagocytos is by the macrophage i t s e l f or the macro­
phage presents the a n t i g e n to e i t h e r d T-lymphocyte or a B-lympiio-
c y t e . When i t i s presented d i r e c t l y to a B - c e l l , t h i s c e l l can p r o ­
l i f e r a t e to a plasma c e l l t h a t produces s p e c i f i c a n t i b o d i e s . Some 
o f these c e l l s p r o l i f e r a t e to memory B - c e l l s t h a t f a c i l i t a t e recog­
n i t i o n and d e s t r u c t i o n of the a n t i g e n i n a r e c u r r e n t i n f e c t i o n . When 
the a n t i g e n i s presented to a T - c e l l , s e v e r a l p o s s i b i l i t i e s e x i s t . 
When a memory T - c e l l recognizes the a n t i g e n i t s t a r t s to grow and p r o ­
duce lymphokines t h a t help to make harmless the c e l l s b e a r i n g the 
a n t i g e n . A c y t o t o x i c T-lymphocyte (a k i l l e r c e l l ) w i l l a t t a c h to the 
t a r g e t c e l l and d e s t r o y i t . The macrophage can a l s o present the an­
t i g e n to a T-helper c e l l , t h a t a c t i v a t e s B - c e l l s to ant ibody produc­
t i o n . T-suppressor c e l l s can i n h i b i t the a n t i b o d y p r o d u c t i o n . In v i ­
t r o these processes are s t u d i e d by a c t i v a t i n g B - c e l l w i t h mitogens 
l i k e PWM or LPS and T - c e l l s w i t h PHA or Con-Α. Most m i t o g e n i c com­
pounds are i s o l a t e d from p l a n t s (PWM, PHA, Con-Α) or b a c t e r i a (LPS). 
A b e r r a t i o n s i n the p o p u l a t i o n s o f В and/or Τ c e l l s or t h e i r sub-
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s e t s can r e s u l t s i n s e v e r e d i s t u r b a n c e s o f t h e immune r e s p o n s e . T h i s 
may h a p p e n i n immune d i s e a s e s and l e u k e m i a . 
1 . 6 . Some a s p e c t s o f n u c l e o s i d e and n u c l e o t i d e m e t a b o l i s m i n l y m p h o i d 
t l s s u e s 
T h e r e i s a c q u m u l a t l n g e v i d e n c e t h a t some enzymes i n v o l v e d i n 
p u r i n e m e t a b o l i s m can be u s e d as m a r k e r s f o r d i f f e r e n t l y m p h o i d c e l l s . 
The m o s t p r o n o u n c e d e x a m p l e i s TdT, an enzyme t h a t has t h e c a p a c i t y 
t o add d e o x y r i b o n u c l e o t i d e s t o any 3 ' - O H - t e r m i n a t e d segment o f DNA 
w i t h o u t t e m p l a t e d i r e c t i o n ( 3 1 , 3 2 ) . TdT - c e l l s f i r s t a p p e a r i n t h e 
t h y m u s d u r i n g l a t e f e t a l l i f e . W i t h a d u l t a n i m a l s t h e m a j o r i t y o f 
i m m a t u r e c o r t i c a l t h y m o c y t e s show TdT a c t i v i t y . Some TdT - c e l l s a p ­
p e a r i n l i v e r , l u n g , s p l e e n and bone m a r r o w o f r a t s w i t h i n a few 
weeks a f t e r b i r t h ( 3 1 6 ) , b u t d i s a p p e a r w i t h m a t u r a t i o n . O n l y i n t h e 
t h y m u s and b o n e - m a r r o w TdT - c e l l s a r e f o u n d w i t h a d u l t mammals, i n ­
c l u d i n g man ( 3 1 ) . The p r e s e n c e o f t h i s enzyme i s c o n s i d e r e d as a 
m a r k e r o f i m m a t u r e l y m p h o c y t e s i 
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I n c o n t r a s t t o t h e ADA a c t i v i t y no l y m p h o c y t e p r e d o m i n a n c e i s 
f o u n d f o r PNP a c t i v i t y ( 4 6 ) . Thymus and s p l e e n had l o w and i n t e r m e ­
d i a t e a c t i v i t i e s , r e s p e c t i v e l y , i n c o m p a r i s o n t o o t h e r human and mu­
r i n e t i s s u e s ( 4 6 , 3 7 2 ) . B a r t o n e t a l . ( 1 5 , 1 6 ) p o s t u l a t e d an i n v e r s e 
r e l a t i o n s h i p b e t w e e n ADA and PNP i n r a t l y m p h o i d c e l l p o p u l a t i o n s . 
T h y m o c y t e s had t h e h i g h e s t ADA a c t i v i t y and t h e l o w e s t PNP a c t i v i t y , 
w h e r e a s s p l e e n and bone m a r r o w had t h e l o w e s t ADA a c t i v i t y (much l o -
t h a n t h y m o c y t e s ) and t h e h i g h e s t PNP a c t i v i t y (much h i g h e r t h a n t h y ­
m o c y t e s ) . S p e c i f i c s t a g e s o f T - c e l l d i f f e r e n t i a t i o n may be c h a r a c t e -
?3 
r i z e d by the l e v e l s o f t h e two enzymes a c c o r d i n g t o B a r t o n e t a l . 
( 1 5 , 1 6 ) , but t h i s does n o t appear t o h o l d f o r changes i n enzyme a c ­
t i v i t y d u r i n g l i f e i n l y m p h o i d c e l l s o f r a t and mice ( 3 2 2 , c h a p t e r 
1 0 ) . Sheep and p i g a l s o show no i n v e r s e r e l a t i o n s h i p i n t h e i r ADA 
and PNP a c t i v i t i e s a t comparison of t h y m o c y t e s , s p l e n o c y t e s and PBL 
( c h a p t e r 1 1 ) . The l o w e r PNP a c t i v i t y i n thymus i n comparison t o i n 
s p l e e n i s n o t r e f l e c t e d by a l o w e r PNP a c t i v i t y i n T - c e l l s , s i n c e 
s e v e r a l a u t h o r s found a h i g h e r PNP a c t i v i t y i n p e r i p h e r a l T - c e l l s 
than i n B - c e l l s ( 3 3 , 2 2 0 , 2 5 0 , 3 1 * ) . 
The a c t i v i t y o f e c t o - 5 ' - n u c l e o t i d a s e a p p e a r s t o be h i g h e r i n 
B - c e l l s t h a n i n T - c e l l s ( 3 0 9 , 3 1 0 , 3 7 3 ) , but a s i m i l a r a c t i v i t y f o r 
both c e l l t y p e s has a l s o been r e p o r t e d ( 6 6 , 9 5 , 9 6 ) . However, w i t h 
l y m p h o i d t i s s u e s the l o w e s t a c t i v i t y was found i n the thymus ( Θ 6 , 
3 9 3 ) . Immature t h y m o c y t e s appear t o have the l o w e s t e c t o - 5 ' - n u c l e o ­
t i d a s e a c t i v i t y . The a c t i v i t y o f t h i s enzyme i s c o n s i d e r e d t o be a 
m a r k e r o f B- and T - c e l l m a t u r a t i o n ( 3 6 ) . An a g e - r e l a t e d f a l l I n T-
and B-lymphocyte e c t o - 5 ' - n u c l e o t i d a s e was found by Boss e t a l . ( 3 7 ) . 
The f a l l f o l l o w s t h e d e c l i n e i n immune system f u n c t i o n , t h a t i s 
known t o occur w i t h age ( 1 9 4 ) . 
The a c t i v i t y o f AK i s comparable i n most t i s s u e s , l y m p h o i d and 
n o n - l y m p h o i d ( 3 , 46), b u t t h a t o f d e o x y c y t i d i n e k i n a s e i s , as w e l l 
w i t h d e o x y a d e n o s l n e , d e o x y q u a n o s i n e or d e o x y c y t i d i n e , h i g h e s t i n 
human thymus ( 4 6 , 4 9 ) . Human T- and B - c e l l s d i f f e r i n t h e i r a b i l i t y 
t o use d e o x y c y t i d i n e as a p r e c u r s o r f o r DNA s y n t h e s i s ( 4 ) ; B - c e l l s 
do n o t i n c o r p o r a t e d e o x y c y t i d i n e i n t o DNA under c i r c u m s t a n c e s where 
t h y m i d i n e i s i n c o r p o r a t e d . As T - c e l l s m a t u r e t h e r e i s a d e c r e a s e i n 
t h e a c t i v i t y o f d e o x y c y t i d i n e k i n a s e ( 6 7 ) . B - c e l l s have even a s l i g h t ­
l y h i g h e r a c t i v i t y o f t h i s enzyme t h a n p e r i p h e r a l T - l y m p h o c y t e s . I n 
a d u l t r a t s the a c t i v i t y o f t h y m i d i n e k i n a s e and t h y m i d y l a t e s y n t h e ­
t a s e i s much h i g h e r i n thymus than i n o t h e r t i s s u e s ( 1 4 8 ) . Thymidine 
k i n a s e a c t i v i t y was much h i g h e r i n thymus than i n o t h e r t i s s u e s ( 1 4 8 ) . 
Thymidine k i n a s e a c t i v i t y was much h i g h e r i n thymus and s p l e e n b e ­
f o r e and i m m e d i a t e l y a f t e r b i r t h . The a c t i v i t i e s o f APRT and AK a r e 
comparable i n T- and B - c e l l s , t h a t o f HPRT i s h i g h e r i n T - c e l l s and 
t h a t o f PRPP s y n t h e t a s e h i g h e r i n B - c e l l s ( 2 5 0 ) . 
1 . 7 . A b e r r a t i o n s i n t h e immune system and p u r i n e m e t a b o l i s m 
The r e l a t i o n s h i p between d i s t u r b a n c e s o f p u r i n e m e t a b o l i s m and 
o f immune f u n c t i o n i s I l l u s t r a t e d i n F i g . 1 . 7 . The f i r s t two cases 
were r e p o r t e d i n 1972 by G l b l e t t e t a l . , who d e s c r i b e d two p a t i e n t s 
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i m m u n o delicency 
Fig. 1.7. Relationship between deficiencies in enzymes of purine 
metabolism and the pathology of the immune system 
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A l l cases of SCID, i n c l u d i n g those w i t h ADA d e f i c i e n c y , are as 
s o c i a t e d w i t h a severe impairment of the T- and B - c e l l mediated 
immune system ( 1 6 1 ) , c l i n i c a l l y a s s o c i a t e d w i t h a severe lymphope­
nia and a r e l a t i v e and a b s o l u t e decrease i n T- and B - c e l l numbers. 
Immunoglobulin s y n t h e s i s i s severe ly depressed and the remaining 
lymphocytes show no or a very low response to PHA, PWM and Con-A 
s t i m u l a t i o n ( 9 1 , 3 1 1 , 3 8 1 ) . The d e f e c t i n the B - c e l l system i s r e s ­
p o n s i b l e f o r lack of defense a g a i n s t e x o t o x i n - s e c r e t i n g b a c t e r i a , 
v i r i , f u n g i and p r o t o z o a . Post-mortem f i n d i n g s showed a q u a n t i t a ­
t i v e and q u a l i t a t i v e d e p l e t i o n i n the l y m p h a t i c t i s s u e s . In most 
cases the thymus i s not p r e s e n t or i t i s very small and t h e r e i s no 
c l e a r d i s t i n c t i o n between c o r t e x and medul la ( 1 5 4 ) . 
I n h e r i t e d ADA d e f i c i e n c y appeared to be the cause of SCID i n 
about 30-50Ж of the r e p o r t e d cases ( 1 6 1 ) . The ADA a c t i v i t y was low 
i n e r y t h r o c y t e s , but also i n o t h e r t i s s u e s ( 1 5 3 ) . The d e f i c i e n c y 
was l i m i t e d to the low MW enzyme; the ADA a c t i v i t y i n serum of an 
A D A - d e f i c i e n t c h i l d appeared to be due to the high MW enzyme (29k). 
2b 
I n most cases ADA d e f i c i e n c y was e s t a b l i s h e d i n e r y t h r o c y t e s . I n a -
bout 10 cases r e d c e l l ADA does n o t a p p e a r to be a good p a r a m e t e r 
s i n c e some c h i l d r e n w i t h e r y t h r o c y t e ADA d e f i c i e n c y d i d n o t show i m -
m u n o d e f i d e n y ( 3 5 , 1 5 5 , 1 8 5 ) , p r o b a b l y because i n t h e i r l y m p h o c y t e s 
a c e r t a i n ADA a c t i v i t y was p r e s e n t . F u r t h e r m o r e some p a t i e n t s w i t h 
SCID had even an e l e v a t e d r e d c e l l ADA a c t i v i t y , whereas t h e a c t i v i ­
t y I n w h i t e blood c e l l s and f i b r o b l a s t s was normal ( 6 2 ) . I n a d d i t i o n 
to t h e above d e s c r i b e d c h a r a c t e r i s t i c s ADA d e f i c i e n c y a s s o c i a t e d 
w i t h SCID sometimes shows s k e l e t a l and n e u r o l o g i c a l a b n o r m a l i t i e s 
( 1 5 Θ ) . A l t h o u g h i n h o r s e s SCID i s a l s o found w i t h t h e same c h a r a c ­
t e r i s t i c s as w i t h ADA d e f i c i e n c y i n man ( 2 3 0 ) a r e l a t i o s h i p w i t h p u ­
r i n e m e t a b o l i s m I s n o t c l e a r . 
I n h e r i t e d PNP d e f i c i e n c y a s s o c i a t e d w i t h s e v e r e T - c e l l d y s f u n c ­
t i o n was f i r s t d e s c i b e d i n 1975 ( 1 2 3 ) i n a f i v e y e a r - o l d g i r l t h a t 
showed r e c u r r e n t i n f e c t i o n s . T h i s p a t i e n t and o t h e r p a t i e n t s d e s c r i ­
bed ( 2 5 , ΊΛ, 1 1 9 , 3 3 2 ) show a s e v e r e l y m p h o p e n i a and a d e f i c i e n t T-
l y m p h o c y t e b l a s t o g e n i c r e s p o n s e . D e f i c i e n c y was e s t a b l i s h e d i n e r y t h ­
r o c y t e s and f i b r o b l a s t s and o n l y i n one case a l s o i n l y m p h o c y t e s 
( 3 1 5 ) . M o l e c u l a r h e t e r o g e n e i t y was o b s e r v e d i n d i f f e r e n t f a m i l i e s 
w i t h e n z y m e - d e f i c i e n t members ( 2 5 , 2 5 6 , ^ 2 0 ) . Humoral i m m u n i t y was 
normal as a p p e a r e d from normal amounts o f B - l y m p h o c y t e s and normal 
to e l e v a t e d l e v e l s o f i m m u n o g l o b u l i n s . The e x c e s s i v e and abnormal 
a n t i b o d y p r o d u c t i o n found w i t h some p a t i e n t s s u g g e s t d i s t u r b a n c e s 
i n s u p p r e s s o r T - c e l l f u n c t i o n ( 2 5 , 1 1 9 ) . The p a t i e n t s show r e c u r r e n t 
r e s p i r a t o r y I n f e c t i o n s , b u t r e c e i v e d most i m m u n i z a t i o n s w i t h o u t com­
p l i c a t i o n s . Post-mortem f i n d i n g s and X - r a y e x a m i n a t i o n s showed t h a t 
t h e thymus was b a r e l y r e c o g n i z a b l e and c o n s i s t e d m a i n l y o f a d i p o s e 
t i s s u e . 
Agammaglobulinemia i s c h a r a c t e r i z e d by t h e absence o f B - c e l l s 
i n the p e r i p h e r a l b l o o d and v e r y low I m m u n o g l o b u l i n l e v e l s . I n many 
p a t i e n t s w i t h agammaglobul inemia a v e r y low a c t i v i t y o f e c t o - 5 ' - n u -
c l e o t l d a s e i s p r e s e n t on l y m p h o c y t e s ( 3 6 , 9 3 , 9 6 , 1 8 7 , 3 7 3 ) . The d e ­
f i c i e n c y i s more pronounced I n B - c e l l s t h a t n o r m a l l y show h i g h e r l e ­
v e l s o f e c t o - 5 ' - n u c l e o t i d a s e t h a n T - c e l l s . U n t i l now t h e r e i s no e -
v i d e n c e t h a t t h i s enzyme d e f i c i e n c y i s r e s p o n s i b l e f o r the o b s e r v e d 
immune d i s o r d e r , b u t e v i d e n c e i n c r e a s e s t h a t I t I s o n l y a m a r k e r o f 
immature T- and B - c e l l s ( 3 6 , 3 7 , 6 6 , 9 6 ) . The d e c r e a s e o f a c t i v i t y 
I s a s s o c i a t e d w i t h a r e d u c t i o n i n number o f c e l l s c o n t a i n i n g S ' - n u -
c l e o t l d a s e ( 2 9 8 , 3 7 3 ) . 
The most s u c c e s f u l l t h e r a p y f o r SCID w i t h or w i t h o u t ADA d e f i ­
c i e n c y I s bone-marrow t r a n s p l a n t a t i o n ( 1 6 1 ) . For p a t i e n t s w i t h some 
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residual ADA activity in their lymphocytes transfusions of frozen 
irradiated erythrocytes appear to give partial restoration of their 
immune function (91, 15Θ, 175, 279, 2Θ0, 311, 319, 381, 430). An in­
creased response to mitogens, an increased number of lymphocytes and 
higher levels of serum immunoglobulins were found thereafter. With 
some patients with PNP deficiency infusion with irradiated frozen 
erythrocytes also resulted in partial restoration of the immunologi­
cal function (303, 348). 
1.8. The metabolic basis for ADA and PNP deficiency 
The metabolic basis for ADA and PNP deficiency leading to immu-
no disorders was investigated by studying the lymphocytes and eryth­
rocytes of patients with ADA or PNP deficiency before and after en­
zyme replacement therapy and from studies with several cell lines 
that showed little or no ADA or PNP activity or that were treated 
with ADA inhibitors like EHNA or deoxycoformycin. Several reviews 
on this subject have been published (109, 113, 124, 138, 139, 160, 
227, 237, 258, 281, 288, 327). In Table 1.2 a summary of the various 
hypotheses is given concerning the mechanisms that in ADA or PNP de­
ficiency can lead to the expression of immuno disorders. These hypo­
theses will be discussed in connection with biochemical observations 
and investigations. 
Deficiency of ADA leads to accumulation of its substrates, ade­
nosine and deoxyadenosine, in serum, plasma, erythrocytes and urine 
of patients (64, 158, 206, 333). Deficiency of PNP leads to accumu­
lation of inosine, guanosine and their deoxycompounds (63, 256, 333, 
348, 351, 420) and to a decrease of their products hypoxanthine and 
uric acid. Since all nucleosides share the same transport system 
(263, 277) accumulated nucleosides could inhibit the uptake of the 
other nucleosides, causing a depletion of their nucleotides. Howe­
ver, until now no direct evidence for this hypothesis has been found. 
Evidence for the second hypothesis has recently been given by 
Tritsch & Niswander (377, 378) who observed a relationship between 
ADA activity and xanthine oxidase-ca tal yzed superoxide formation in 
rat macrophages. They suggested that the absence of substrate for 
xanthine oxidase in ADA deficiency is partly responsible for the im­
paired immune response. Since adenosine can serve as an energy do­
nor to lymphocytes by its ribose moiety, deficiency of ADA may lead 
to disturbance of the energy balance (252). 
Accumulation of nucleosides and subsequently their nucleotides 
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Table l.Z. Possible mechanisms that can lead to immune disorders 
in ADA or PNP deficiency 
1. Inhibition of uptake of other nucleosides 
2. Deficiency of products (inosine, hypoxanthine, ribose 1-P) 
3. Intracellular accumulation of (deoxy(nucleosides or nucleotides, 
which may cause; 
a. inhibition of PRPP synthesis, 
b. inhibition of pyrimidine nucleotide synthesis de novo, 
c. disturbance of the energy charge, 
d. inhibition of ribonucleotide reductase, 
e. inhibition of methylation reactions, 
f. other effects (possibly mediated by cAMP). 
can a f f e c t various metabolic conversions; some p o s s i b i l i t i e s are 
summarized in the t h i r d hypothesis. In addit ion to nucleosides, nu­
cleotides also accumulate in ADA and PNP d e f i c i e n c y . In ADA d e f i c i e n ­
cy elevated concentrations of dATP were found in erythrocytes and 
lymphocytes of several pat ients ( 6 4 , 69, 85, 158, 175, 4 3 0 ) . In PNP 
deficiency elevated concentrations of dGTP were found in erythrocy­
tes of two pat ients ( 6 5 , 3 5 2 ) . A decreased ATP/ADP r a t i o was found 
In lymphocytes of an ADA d e f i c i e n t p a t i e n t ( 3 1 8 ) . In vivo i n h i b i t i o n 
of ADA with deoxycoformycin leaded to ATP depletion and dATP accumu­
l a t i o n in erythrocytes of man and mouse ( 3 3 1 , 3 4 0 ) . The observed 
ATP depletion may lower the energy charge leading to i n h i b i t i o n of 
various anabolic pathways, e.g. i n h i b i t i o n of PRPP synthesis (chap­
t e r 3 ) . The nucleotides AMP and dAMP i n h i b i t PRPP synthetase (see 
section 1 . 4 . 1 ) . Established c e l l l i n e s of f i b r o b l a s t i c and lymphoid 
o r i g i n die of pyrimidine nucleotide starvat ion in the presence of 
10-100 μΜ adenosine (125, 128, 1 7 7 ) . This starvat ion i s not observed 
in a Chinese hamster lung f i b r o b l a s t l i n e that was AK-deficient ( 8 0 ) . 
Furthermore adenosine blocks pyrimidine synthesis in erythrocytes 
and f i b r o b l a s t s by decrease of PRPP concentration ( 1 1 0 ) . However, 
an increase of pyrimidine nucleotides was found in lymphocytes of 
an ADA-deficient p a t i e n t ( 3 1 8 ) . Uridine does not prevent the toxic 
e f f e c t s of adenosine in ADA-deficient f i b r o b l a s t s ( 2 3 , 110) and In 
stimulated ADA-deficient or ADA-inhibi ted c e l l s ( 4 5 , 279) and at a 
high adenosine concentration ( 2 0 2 ) . Therefore a block in pyrimidine 
synthesis does not seem to be the basis for t h i s immune disorder. 
In PNP deficiency depletion of pyrlmidines and PRPP has not been 
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excluded as a p o s s i b l e mechanism of d i s t u r b a n c e of c e l l f u n c t i o n 
( 9 * . 1 1 0 ) . 
One of the most probable mechanisms e x p l a i n i n g the e f f e c t s of 
ADA and PNP d e f i c i e n c y l e a d i n g to immune d y s f u n c t i o n i s i n h i b i t i o n 
o f r i b o n u c l e o t i d e reductase by dATP or dGTP, l e a d i n g to d e p l e t i o n 
of guanine and/or p y r i m i d i n e dNTP ( F i g . 1 . 5 ) . Since the adequate 
supply o f dNTP 1 si d i s t u r b e d , the c e l l growth w i l l be i n h i b i t e d . In 
s e v e r a l c e l l types s i m u l a t i o n o f ADA d e f i c i e n c y w i t h ADA i n h i b i t o r s 
l i k e EHNA and deoxycoformycin and a d d i t i o n of deoxyadenosine, r e ­
s u l t e d i n growtb i n h i b i t i o n , i n h i b i t i o n o f DNA and RNA s y n t h e s i s 
and accumulat ion o f dATP ( 4 7 , 1 1 1 , 145, 235, 3Θ8, chapter 9 ) . T - c e l l 
l i n e s appeared to be more s u s c e p t i b l e to deoxyadenosine than B - c e l l 
l i n e s (47, 4 2 1 ) . Deoxyguanosine t o x i c i t y was accompanied by an i n ­
crease i n dGTP c o n c e n t r a t i o n w i t h human lymphoblasts (120, 235, 4 1 4 ) , 
mouse lymphoma c e l l s ( 5 3 , 127, 389) and human lymphocytes (362) and 
thymocytes ( 6 7 , 1 9 5) . T - c e l l s appeared to be more s u s c e p t i b l e to 
deoxyguanosine than B - c e l l s ( 6 7 , 120, 2 3 5 ) . In the mouse suppressor 
T - c e l l development was i n h i b i t e d by deoxyguanosine ( 8 7 ) . Cohen e t 
a l . (68) suggested t h a t not o n l y dGTP accumulat ion but a lso GTP de­
p l e t i o n would I n h i b i t DNA s y n t h e s i s . However, i n h i b i t i o n of r i b o n u ­
c l e o t i d e reductase can not form the o n l y e x p l a n a t i o n f o r the d i s t u r ­
bances i n lymphoid c e l l s , s ince deoxyadenosine and deoxyguanosine 
a lso cause dATP and dGTP a c c u m u l a t i o n , r e s p e c t i v e l y , i n n o n - s t i m u ­
l a t e d lymphocytes and n o n - d i v i d i n g thymocytes and k i l l these c e l l s 
( 1 9 5 ) . Furthermore adenosine and deoxyadenosine show the most p r o ­
nounced e f f e c t s on growth of lymphoid c e l l s when added a t the f i r s t 
day of c u l t u r e (374, 3 8 6 ) , when the c e l l s are s t i l l i n the i n a c t i v a ­
ted s t a t e and the p r o l i f e r a t i o n and DNA s y n t h e s i s have not yet 
s t a r t e d . Deoxyadenosine p lus EHNA i n c o n t r a s t to e i t h e r deoxyguano­
s i n e or hydroxyurea, produced l i t t l e d i f f e r e n t i a l e f f e c t on the i n ­
c o r p o r a t i o n o f u r i d i n e and thymidine i n t o DNA of a T- lymphoblast 
l i n e ( 4 1 4 ) . This a lso suggests another or a d d i t i o n a l mechanism to 
r i b o n u c l e o t i d e reductase i n h i b i t i o n f o r deoxadenosine t o x i c i t y . High 
c o n c e n t r a t i o n s o f dGDP cause a feedback i n h i b i t i o n o f amido phospho-
r l bosyl t r a n s f e r a s e ( 1 4 9 ) . I n c u b a t i o n of T-lymphoma c e l l s w i t h deoxy­
guanosine r e s u l t e d i n a d e p l e t i o n o f ADP and ATP ( 5 3 ) . 
There i s a lso evidence t h a t adenosine and deoxyadenosine have 
not to be phosphoryla ted to cause i n h i b i t i o n of c e l l f u n c t i o n ( 1 4 2 ) . 
Under p h y s i o l o g i c a l c o n d i t i o n s adenosine can be formed from SAH, a 
product of m e t h y l a t l o n r e a c t i o n s where SAM i s a s u b s t r a t e ( F i g . 1 . 8 ) . 
In ADA d e f i c i e n c y adenosine accumulates and reverses the p h y s i o l o g i -
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F l q. 1 . 8 . Proposed mechanism f o r t h e i n h i b i t i o n o f m e t h y l a t i o n r e a c ­
t i o n s i n ADA and PNP d e f i c i e n c i e s . C r o s s - h a t c h e d b a r s r e ­
p r e s e n t t h e I n h i b i t i o n s caused by a c c u m u l a t i o n of a d e n o s i n e , deoxy-
a d e n o s i n e or i n o s i n e ( m o d i f i e d from 2 8 1 ) . 
c a l d i r e c t i o n ( 1 * 5 ) . The a c c u m u l a t e d SAH w i l l i n h i b i t m e t h y l a t i o n 
r e a c t i o n s . The d e o x y a d e n o s i n e t h a t a c c u m u l a t e s i n ADA d e f i c i e n c y , 
i s a b l e t o i n a c t i v a t e SAH h y d r o l a s e ( І ^ З ) t h u s c a u s i n g an accumu­
l a t i o n o f SAH. T h i s i n a c t l v a t l o n i s i r r e v e r s i b l e and i n e r y t h r o c y ­
t e s o f p a t i e n t s w i t h ADA d e f i c i e n c y no a c t i v i t y o f SAH h y d r o l a s e 
i s d e t e c t a b l e ( 1 * * , 1 9 0 ) . I n l y m p h o c y t e s SAH h y d r o l a s e i s a l s o i n ­
a c t i v a t e d by d e o x y a d e n o s i n e ( 1 8 8 , c h a p t e r 5 ) . I n o s i n e i n t h e p r e s e n ­
ce o f phosphate can a l s o d e c r e a s e the a c t i v i t y o f SAH h y d r o l a s e ( 1 * 6 ) . 
The a c t i v i t y i s l o w e r i n e r y t h r o c y t e s o f P N P - d e f i c i e n t p a t i e n t s ( 1 4 6 , 
1 9 0 , 3 5 2 ) . 
C y c l i c - A M P has a l s o been found i n e l e v a t e d c o n c e n t r a t i o n s i n 
e r y t h r o c y t e s o f p a t i e n t s w i t h ADA d e f i c i e n c y ( 2 8 0 , 3 1 8 ) and i n l y m ­
p h o c y t e s t h a t were i n c u b a t e d w i t h a d e n o s i n e ( 2 2 6 , 3 2 3 , 4 1 5 , 4 3 1 ) . 
I t i s n o t c l e a r how c y c l i c - A M P i n h i b i t s P H A - s t i m u l a t i o n o f lympho­
c y t e s ( 1 5 0 , 3 3 8 ) and l y m p h o c y t e - m e d i a t e d c y t o l y s i s ( 4 1 5 ) . The r o l e 
o f c y c l i c - A M P i n e n e r g y m e t a b o l i s m o f l y m p h o c y t e s needs f u r t h e r i n ­
v e s t i g a t i o n ( 2 5 2 ) . 
Some I m p o r t a n t q u e s t i o n s r e m a i n . Why do p u r i n e n u c l e o s i d e s p r e ­
f e r t o a c c u m u l a t e i n l y m p h o i d t i s s u e s o f p a t i e n t s , what i s t h e o r i ­
gin o f t h e s e n u c l e o s i d e s i n v i v o and why a r e they more t o x i c to l y m ­
p h o i d t i s s u e s than t o o t h e r t i s s u e s ? I n most t i s s u e s o f A D A - d e f i c i e n t 
c h i l d r e n , ADA a c t i v i t y i s d e c r e a s e d ( 1 5 3 ) , b u t i n l y m p h o i d t i s s u e s 
t h e r e s i d u a l a c t i v i t y i s t h e l o w e s t . The h i g h HW enzyme i s p r o b a b l y 
r e s p o n s i b l e f o r the h i g h e r r e s i d u a l a c t i v i t y i n l i v e r , l u n g and k i d ­
n e y . T h e r e f o r e i t seems u n l i k e l y t h a t i n t h e s e t i s s u e s a d e n o s i n e 
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and deoxyadenosine accumulate. Furthermore i t was found w i t h deoxy-
c o f o r m y c i n - t r e a t e d mice t h a t the thymus reduced i n weight and accu­
mulated more dATP than the o t h e r t i s s u e s ( Ι Ί Ό , 2 9 5 ) . The a c t i v i t y 
of SAH hydrolase was a lso decreased i n lymphoid t i s s u e s ( 1 ^ 0 , 2 9 5 ) . 
ADA a c t i v i t y i n l i v e r , s p l e e n , heart and thymus was e q u a l l y i n h i b i ­
ted (about 90*) by deoxycoformycin, but i n i n t e s t i n a l t i s s u e s i t 
was a f f e c t e d to 1 lower e x t e n t or not a t a l l ( l ^ O , 371). 
The h igh a c t i v i t y of ADA i n i n t e s t i n e w i l l e f f e c t t h a t adeno­
s ine and deoxyadenosine from food w i l l be deaminated i n both normal 
man and ADA-defi c ien t p a t i e n t s . A major source f o r adenosine and 
deoxyadenosine may be the breakdown o f DNA and RNA d u r i n g the matu­
r a t i o n o f e r y t h r o c y t e s ( 5 * , 1 4 0 ) . 
Accumulation of dATP i s h i g h e s t i n thymus o f mice a f t e r i n j e c ­
t i o n of deoxycoformycin (140, 2 9 5 ) . I n c u b a t i o n o f v a r i o u s lymphoid 
c e l l types w i t h deoxyguanosine showed t h a t accumulat ion o f dCTP i s 
h i g h e s t i n thymocytes ( 6 7 ) . I t i s s t i l l not c l e a r why i n o t h e r t i s ­
sues t h i s accumulat ion i s l o w e r . Thymic t i s s u e s o f man have h igher 
a c t i v i t i e s af deoxynucleoside k i n a s e s than o t h e r t i s s u e s ( 4 6 ) , but 
i n v a r i o u s t i s s u e s of mice adenosine k inase and deoxyadenosine 
k inase are present i n comparable a c t i v i t i e s (49, 295) . 
1.9. Some aspects o f p u r i n e metabolism i n leukemia 
There i s accumulat ing evidence t h a t a b e r r a t i o n s i n p u r i n e meta­
bolism e x i s t i n d i s t i n c t types of leukemia. Enzymes of p u r i n e meta­
bol ism may be markers of lymphoid malignancy ( 2 6 ) . The f i r s t r e p o r t s 
showed c o n f l i c t i n g d a t a , but now i t i s c l e a r t h a t i n T-acute lympha­
t i c leukemia the a c t i v i t y o f ADA i n lymphoblasts i s i n c r e a s e d , when 
compared to the a c t i v i t y i n PBL ( 2 2 , 59, 70, ΘΘ, 117, 2Θ3, 320, 335, 
342). This i s accompanied by an i n c r e a s e i n TdT (59, 7 0 ) . In c h r o n i c 
l y m p h a t i c leukemia c e l l s the a c t i v i t y of ADA was lower than i n PBL 
(Θ8, 117, 2 9 1 ) ; the a c t i v i t y of PNP was a lso lower ( 2 1 5 ) . A c t i v i t y 
of ecto-5 ' - n u c l e o t i d a s e was s i g n i f i c a n t l y lower i n T-acute l y m p h a t i c 
leukemic c e l l s , but not i n those of non-T—non-B acute l y m p h a t i c l e u ­
kemia (283, 2 9 7 ) . No s i g n i f i c a n t a b e r r a t i o n s I n PNP, AK, APRT and 
HCPRT were found i n severa l o t h e r k i n d s of leukemia (84, 232, 283, 
320) . A human thymus/leukemia a n t i g e n has r e c e n t l y been a s s o c i a t e d 
w i t h a low MW form of ADA ( 5 8 , 8 8 ) . In a d d i t i o n increased amounts 
of ATP have been found i n leukemic lymphoblasts ( 7 9 ) , a h igher a c t i ­
v i t y of amido phosphor! bosyl t r a n s f e r a s e i n acute m y e l o b l a s t i c l e u ­
kemia (17) and a b e r r a n t k i n e t i c s of PRPP synthetase ( 7 7 , 7 8 ) . 
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Most of the findings are in agreement with the theory of Weber 
CfO?) that in neoplastic tranformation several key enzymes have a l ­
tered a c t i v i t i e s , chanell ing the metabolic routes to nucleotide syn­
t h e s i s . Evidence was obtained from several kinds of hepatomas and 
tumors (182, M O ) . I t has been argued that these key enzymes could 
be of importance for therapy. Especial ly i n h i b i t i o n of ADA i s of i n ­
t e r e s t for therapy of leukemia, since i n ADA deficiency associated 
with SCID mainly lymphoid tissues are a f f e c t e d and in mice t r e a t e d 
with deoxycoformycln, the lymphoid tissues and e s p e c i a l l y the thymus 
are most severely a f f e c t e d ( 1 * 0 , 2 9 5 ) . Indeed deoxycoformycin admi­
nistered to p a t i e n t s with T-acute lymphatic leukemia, that did not 
respond to normal therapy, resulted in remission although the pa­
t i e n t s died of complications (236, 264, 3 3 1 ) . Post-mortem findings 
Indicated a complete absence of leukemic c e l l s i n a l l t issues. Fur­
ther t r i a l s were performed and some patients kept a l i v e (2Θ2, 3 1 2 ) . 
Biochemical i n v e s t i g a t i o n s showed an increase in plasma and urine 
of the concentrations of adenosine and deoxyadenosine, an i n h i b i t i o n 
of SAH hydrolase In erythrocytes, an accumulation of dATP i n e r y t h ­
rocytes and lymphoblasts, depletion of ATP in e r y t h r o c y t e s , and i n ­
h i b i t i o n of ADA in erythrocytes (236, 312, 3 3 1 , 4 0 * ) . Since most 
other c y t o s t a t i c s are purine and pyrimldine analogs and mostly have 
to be converted to t h e i r active form by one of the purine or p y r i ­
mldine interconversion enzymes, more knowledge of purine and pyriml­
dine metabolism in lymphocytes could contribute to a more s p e c i f i c 
cancer chemotherapy. More d e t a i l s on purine metabolism in leukemia 
w i l l be given In the thesis of 3. Van Laarhoven. 
1.10. Aim and scope of t h i s study 
This i n v e s t i g a t i o n was started I n order to get further i n s i g h t 
i n t o the role of ADA and PNP in immune function. Since p a t i e n t s 
with ADA or PNP deficiency have severe lymphopenia, biochemical i n ­
v e s t i g a t i o n on m a t e r i a l of these p a t i e n t s was mainly directed to 
plasma, u r i n e , erythrocytes and f i b r o b l a s t s . Patients with ADA or 
PNP deficiency are rare and therefore most studies have been p e r f o r ­
med on model systems that include human and other mammalian periphe­
r a l and PHA-stimulated lymphocytes, f i b r o b l a s t s and a number of 
wild-type and mutant c e l l - l i n e s of various sources. In previous com­
parat ive studies from t h i s laboratory (Thesis Tax), i t was found 
that equine lymphocytes have ADA a c t i v i t i e s comparable to that from 
p a t i e n t s with ADA deficiency with SCID. These studies were extended 
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t o l y m p h o c y t e s of o t h e r s p e c i e s ( c h a p t e r 5) and i t was found t h a t 
p o r c i n e l y m p h o c y t e s a l s o c o n t a i n v e r y low ADA l e v e l s and t h a t o v i n e 
and c a p r i n e l y m p h o c y t e s have a v e r y low PNP a c t i v i t y . Lymphocytes 
o f t h e s e s p e c i e s c o u l d form model systems to s t u d y t h e p a t h o p h y s i o ­
l o g y o f the immune d y s f u n c t i o n i n man. Some i n f o r m a t i o n m i g h t be ob 
t a i n e d by I n v e s t i g a t i o n of the d i f f e r e n c e s i n p u r i n e and p y r i m i d i n e 
m e t a b o l i s m o f the-se " e n z y m e - d e f i c i e n t " c e l l s . Study of t h e biochemi 
c a l and b i o l o g i c a l e f f e c t s o f ( d e o x y ) n u c l e o s i d e s on t h e s e c e l l s may 
h e l p t o e l u c i d a t e t h e i n d i s p e n s i b l e r o l e of ADA and PNP i n human 
l y m p h o c y t e s . Knowledge of t h e p u r i n e and p y r i m i d i n e m e t a b o l i s m o f 
l y m p h o c y t e s , l y m p h o b l a s t s and thymocytes of o t h e r mammalian s p e c i e s 
may g i v e more i n s i g h t i n the ontogeny and f u n c t i o n o f the l y m p h o i d 
c e l l s . T h i s knowledge a p p e a r s t o be e s s e n t i a l f o r development o f 
p r o c e d u r e s f o r s p e c i f i c immunosuppression and c a n c e r c h e m o t h e r a p y . 
' C o m p a r a t i v e i n v e s t i g a t i o n s were p e r f o r m e d on p u r i n e and p y r i m i d i n e 
m e t a b o l i s m o f PBL, t h y m o c y t e s and s p l e n o c y t e s and t h e c o n c e n t r a t i o n 
o f s e v e r a l p u r i n e and p y r i m i d i n e m e t a b o l i t e s . F u r t h e r m o r e t h e e f f e c 
o f m i t o g e n s , n u c l e o s i d e s and n u c l e o t i d e s were s t u d i e d . 
F i r s t l y , the r o l e o f PRPP i n p u r i n e and p y r i m i d i n e m e t a b o l i s m 
i s d e s c r i b e d by r e p o r t i n g t h e a c t i v i t i e s o f p h o s p h o r i bosyl t r a n s f e ­
r a s e s (OPRT, HPRT and APRT) and PRPP s y n t h e t a s e and the c o n c e n t r a ­
t i o n o f PRPP i n l y m p h o c y t e s o f f i v e mammalian s p e c i e s ( c h a p t e r 2 ) . 
C h a p t e r 3 d e s c r i b e s the i n f l u e n c e o f PHA-s t i m u l a t i o n on the a c t i v i ­
t y of PRPP s y n t h e t a s e and oni the c o n c e n t r a t i o n o f PRPP i n lympho­
c y t e s o f man, h o r s e and p i g . K i n e t i c s o f PRPP s y n t h e t a s e were s t u ­
d i e d i n l y m p h o c y t e s of man and h o r s e . Equine l y m p h o c y t e s were used 
to s t u d y the e f f e c t s of s e v e r a l m e t a b o l i t e s and a n t i m e t a b o l i t e s 
on the a c t i v i t y o f PRPP s y n t h e t a s e . C h a p t e r Ψ d e a l s w i t h the e f f e c t 
o f s e v e r a l of t h e s e compounds on the a c t i v i t y o f p o r c i n e OPRT. The 
e f f e c t o f FHA-s t i m u l a t i o n on the a c t i v i t i e s o f enzymes of de novo 
and s a l v a g e s y n t h e s i s and d e g r a d a t i o n o f p y r i m i d i n e n u c l e o t i d e s 
i s s t u d i e d . 
I n Che second p a r t o f t h i s t h e s i s the m e t a b o l i s m o f p u r i n e 
n u c l e o s i d e s i n PBL of s e v e r a l mammalian s p e c i e s and t h e i r e f f e c t s 
on mi t o q e n - i n d u c e d p r o l i f e r a t i o n of mammalian l y m p h o c y t e s i s d e s ­
c r i b e d . C h a p t e r 5 d e a l s w i t h the k i n e t i c s o f the enzymes t h a t a r e 
i n v o l v e d i n a d e n o s i n e and d e o x y a d e n o s i n e a n a b o l i s m and c a t a b o l i s m . 
I n c h a p t e r 6 s t a n d a r d i z a t i o n o f the c o n d i t i o n s f o r P H A - s t i m u l a t i o n 
i s d e s c r i b e d f o r l y m p h o c y t e s of v a r i o u s s p e c i e s . These c o n d i t i o n s 
were used to s t u d y the i n f l u e n c e of a d e n o s i n e , d e o x y a d e n o s i n e and 
EHNA on t h y m i d i n e , u r i d i n e and l e u c i n e i n c o r p o r a t i o n ( c h a p t e r 7 ) . 
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Chapter θ deals with the metabolism of guanosine, inosine and their 
deoxycompounds and also with their effects on mitogen-induced proli­
feration . 
In the third part, the concentration of the purine and pyrimi-
dine nucleotides were measured with HPLC in PBL of man, horse, pig 
and sheep (chapter 9 ) . The effects of PHA-stimulation with and wit­
hout adenosine or deoxyadenosine on the concentrations of ATP, TTP 
and dATP are also described in this chapter. 
The fourth part deals with purine metabolism in cells from 
thymus and spleen. The possible age-dependency of ADA and PNP acti­
vities in rat lymphoid tissues is described in chapter 10 and the 
activities of ADA, PNP, AK, deoxyguanosine kinase and PRPP synthe­
tase and the concentration of PRPP are reported in chapter 11. 
In chapter 12 a general survey and summary of the results 
will be given. 
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Chapter 2 
CONCENTRATION, SYNTHESIS AND UTILIZATION OF PRPP IN LYMPHOCYTES OF FIVE 
MAMMALIAN SPECIES * 
2 . 1 . I n t r o d u c t i o n 
In purine and pyrlmldine metabolism PRPP plays an important 
role. It is a substrate for HPRT and APRT, two salvage enzymes in 
purine metabolism, and OPRT, a key enzyme in pyrimidine de novo 
synthesis. The intracellular concentration of PRPP may regulate the 
rate of purine synthesis de novo in nucleated cells (12, ^ 23), 
although this is disputed. 
SCID associated with ADA or PNP deficiency might be mediated 
by Inhibition of PRPP synthesi's, or by inhibition of pyrimidine 
nucleotide synthesis de novo (109, 326). Since lymphocytes of horse 
and pig contain only a very low ADA activity and those of sheep a 
very low PNP activity, these cells may form models to study the pa­
thophysiological effects of ADA and PNP deficiency (*03). Informa­
tion might be obtained by a comparative investigation of the purine 
and pyrimidine metabolism in the lymphocytes of these species. In 
this paper we describe our measurements of the concentration of 
PRPP, Its synthesis and utilization by phosphoribosyltransferases 
in lymphocytes of these three animals and of man and cattle. Results 
are compared with those obtained earlier in erythrocytes (36Ί·, 366). 
2 . 2 . M a t e r i a l s and methods 
F l c o l l (MW 400 kD) was o b t a i n e d from P h a r m a c i a and I s o p a q u e 
from Nyegaard & C o . , O s l o , Norway. A Fi c o l l - I s o p a q u e s o l u t i o n was 
p r e p a r e d a s d e s c r i b e d p r e v i o u s l y ( 3 7 0 ) . { Carboxyl - ' ' ' C } o r o t i c a c i d , 
{ c a r b o x y l - 1 " C J o r o t i d i n e - S ' - m o n o p h o s p h a t e , Omnif luor and Aquasol 
were o b t a i n e d from t h e New England N u c l e a r C o r p o r a t i o n , D r e i e i c h e n -
h a i n , FRG, ( θ - 1 l , C } h y p o x a n t h i n e and {8- д " C J a d e n i n e from t h e R a d i o -
• a d a p t e d from P e t e r s & Veerkamp (267) 
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chemical Centre, Amersham, England. P l a s t i c sheets precoated w i t h 
0.1 mm P E I - c e l l u l o s e were purchased from Merck, and PRPP and a p r e ­
p a r a t i o n from brewer 's y e a s t , c o n t a i n i n g OPRT and ODC from B o e h r i n -
ger, Mannheim, FRC. 
2 . 2 . 2 . Animals 
Blood samples were taken in heparinized bottles from healthy 
human volunteers and adult animals. The following species were used: 
man (Homo sapiens), Wistar rats (Ra ttus norveqi cus), Texel sheep 
(Ovl s arles), pig ( Sus s ero fa ), horse (Equus caballus) and cattle 
(Bos taurus ). Blood samples from pig and cattle were obtained from 
the local slaughterhouse. Equine and ovine blood were taken from 
some local farmers. 
2 . 2 . 3 . P r e g a r a t i o n of l y m g h o c ^ t e _ e x t r a c t 
Lymphocytes were i s o l a t e d by Fi col1- Isopaque g r a d i e n t c e n t r i f u -
g a t l o n (3Θ) o f b lood d i l u t e d w i t h I s o t o n i c s a l i n e . C e l l s were washed 
t w i c e w i t h i s o t o n i c T r i s s o l u t i o n (50 mM T r i s - H C l , pH 7.if c o n t a i n i n g 
100 mM NaCl) o r PBS and counted i n a hemacytometer. The c e l l s washed 
w i t h i s o t o n i c T r i s s o l u t i o n were suspended i n e i t h e r 50 mM Tr is-HCl 
(pH 7.Й·) c o n t a i n i n g 1 mM EDTA ( f o r OPRT and ODC assay and determina­
t i o n o f PRPP c o n c e n t r a t i o n ) or i n 100 mM Tr is-HCl (pH 7.4) c o n t a i n i n g 
25 mM MgClz and 1 mM EDTA ( f o r HPRT and APRT a s s a y ) . The PBS-washed 
c e l l s were suspended i n 25 mM potassium phosphate b u f f e r (pH 7.*) 
c o n t a i n i n g 1 mM EDTA ( f o r PRPP synthetase a s s a y ) . E x t r a c t s o f lympho­
cytes f o r a l l d e t e r m i n a t i o n s were prepared by s o n i c a t i o n (Branson 
s o n i f l e r , θ b u r s t s o f 5 sec a t maximal o u t p u t ) . L y s i s o f lymphocytes 
was c o n t r o l l e d by m i c r o s c o p i c a l e x a m i n a t i o n . HPRT and APRT a c t i v i t i e s 
were e s t i m a t e d i n the supernatant o b t a i n e d by c e n t r i f u g a t i o n a t 20000 
g for 20 min a t * 0 С . 
2 . 2 . 4 . Enzyme assays 
All enzyme activities were measured at 370C in a shaking water 
bath by radiochemical methods. Enzyme activities were expressed in 
nmoles of product formed per h per 10' cells. Linearity of the reac­
tions in respect to time and amount of cell extract was ascertained. 
The conditions for the OPRT and ODC assay in ovine lymphocytes 
were similar as described for those of man, cattle and horse (370). 
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The amount o f lymphocyte e x t r a c t was e q u i v a l e n t to 5 - 1 5 x l 0 6 c e l l s 
f o r sheep and p i g . With p o r c i n e lymphocytes the s u b s t r a t e c o n c e n t r a ­
t i o n s were h i g h e r : 0.273 mM { c a r b o x y l - 1 ' ' C j o r o t l c a c i d (1.92 mCi/mmol) 
and 0 . 2 3 ^ mM { c a r b o x y l - ' * C } o r o t i dine-5 ' -monophosphate (3Θ uCi/mmol). 
PRPP synthetase a c t i v i t y was determined by the method d e s c r i b e d 
p r e v i o u s l y ( 3 6 5 ) . The i n c u b a t i o n m i x t u r e ( 0 . 5 ml) conta ined 25 mM 
potassium phosphate b u f f e r (pH 7 Λ ) , 1 mM EDTA, 1 mM ATP, 1 mM r i b o s e 
5-P, 10 mM MgCl 2 , 0.30 mM { c a r b o x y l - l " O o r o t i c a c i d (2.53 mCi/mmol), 
20 ug o f the 0PRT-0DC p r e p a r a t i o n and lymphocyte e x t r a c t e q u i v a l e n t 
to 0.2 - 2 χ 1 0 s - c e l l s . '"СОг p r o d u c t i o n was measured a f t e r 30 min i n ­
cuba t i o n . 
The assay f o r PRPP c o n c e n t r a t i o n i n e r y t h r o c y t e s 065) c o u l d a lso 
be a p p l i e d to lymphocytes. One-mi samples o f c e l l e x t r a c t s ( e q u i v a l e n t 
to 7 - 50 χ 10 6 c e l l s ) were kept i n b o i l i n g water f o r Ψ5 sec and imme­
d i a t e l y c h i l l e d on i c e . A f t e r thoroughly mixing the o t h e r reagents 
were added. The r e a c t i o n m i x t u r e (1.12 ml) c o n t a i n e d 50 mM Tr is-HCl 
(pH 7 . 4 ) , 1 mM EDTA, 18 mM MgCl 2 , 23 μΜ { c a r b o x y l - 1 " O o r o t i с a c i d 
(15.6 mCi/mmol) and 0.45 mg of. the 0PRT-0DC p r e p a r a t i o n . A f t e r 45 
min r e a c t i o n was t e r m i n a t e d by i n j e c t i n g 0.2 ml 5 N HCIO«. '''COj 
was trapped and determined as descr ibed p r e v i o u s l y ( 3 6 5 ) . 
The i n c u b a t i o n m i x t u r e (40 μ ΐ ) f o r HPRT and APRT assays c o n t a i ­
ned 50 mM Tr is-HCl (pH 7 . 4 ) , 12.5 mM MgCla, 0.5 mM EDTA, 1.13 mM 
PRPP, lymphocyte e x t r a c t e q u i v a l e n t to 2 - 8 x l 0 5 c e l l s and 0.17 mM 
{ S - ^ C j h y p o x a n t h i n e (59 mCi/mmol) or 0.14 mM { 8 - l " C J a d e n i n e (62 mCi/ 
mmol). A f t e r i n c u b a t i o n f o r 1 0 - 9 0 min r e a c t i o n was stopped by adding 
10 u l 8 N f o r m i c a c i d . Separat ion o f n u c l e o t i d e s from n u c l e o s i d e s and 
bases on P E I - c e l l u l o s e and d e t e r m i n a t i o n o f r a d i o - a c t i v i t y were des­
c r i b e d p r e v i o u s l y ( 3 6 4 ) . 
P r o t e i n c o n t e n t was determined a c c o r d i n g to Lowry e t a l . ( 2 1 2 ) . 
2 . 3 . R e s u l t s and d i s c u s s i o n 
PRPP c o n c e n t r a t i o n and PRPP synthetase a c t i v i t y could be mea­
sured i n lymphocytes i n the same way as i n e r y t h r o c y t e s ( 3 6 5 ) . The 
PRPP assay was l i n e a r i n r e s p e c t t o the amount of PRPP present i n 
the lymphocyte e x t r a c t . The recovery percentage was 8 9 + 4 (mean ± SD, 
23 d e t e r m i n a t i o n s ) . In the PRPP synthetase assay o p t i m a l c o n c e n t r a ­
t i o n s o f ATP, r i b o s e 5-P and phosphate were used. 
Specia l a t t e n t i o n must be given to the i s o l a t i o n b u f f e r of the 
lymphocytes. Phosphate i s necessary f o r the c o n s e r v a t i o n o f PRPP syn­
thetase a c t i v i t y . I s o l a t i o n i n the absence o f phosphate r e s u l t s In a 
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Table 2 . 1 . Concentration of PRPP and a c t i v i t y of PRPP synthetase 
In mammalian lymphocytes 







Θ5 ± 36 
45 ± 20 
46 ± 16 
45 ± 22 
41 ± 22 







4.6 ± 2.4 (7) 
3.9 ±1.4 (5) 
5.4 ± 1.5 (Θ) 
7.1 ±2.7 (5) 
5.2 ±2.3 (5) 
N.D. 




2.6 ± 1.3 







PRPP concentration i s given in nmol/lO' c e l l s , protein concentration 
in pg/10 6 c e l l s and PRPP synthetase a c t i v i t y in nraol/hr per 1 0 6 cells. 
Values are given as the mean i SD. Numbers In parentheses r e f e r to 
the number of i n d i v i d u a l s . N.D., not determined. 
rapid loss of enzyme a c t i v i t y which can not be restored by addit ion 
of phosphate to the incubation mixture. PRPP synthetase a c t i v i t y i s 
stable for 2 - 3 hr when the c e l l s are stored in PBS e i t h e r at 20 
or a t 4 0 C. On the other hand phosphate must not be present in the 
i s o l a t i o n b u f f e r , when the PRPP concentration has to be determined. 
I s o l a t i o n in PBS r e s u l t s in f i v e - to t e n - f o l d higher PRPP concentra­
tions than the use of isotonic T r i s - b u f f e r , due to PRPP synthesis. 
The PRPP concentration does not change when the lymphocytes are kept 
for 2 - 3 hr in the isotonic T r l s - s o l u t i o n at 40C. 
Table 2.1 shows the results of our measurements of PRPP concen­
t r a t i o n s and PRPP synthetase a c t i v i t i e s . The amount of protein in 
the c e l l e x t r a c t s i s also given, since many l i t e r a t u r e data are based 
on this parameter. The PRPP concentrations and PRPP synthetase a c t i ­
v i t i e s of lymphocytes do not show l a r g e v a r i a t i o n s between the mam­
malian species in contrast to those in erythrocytes ( 3 6 6 ) . There i s 
no c o r r e l a t i o n between lymphocytes and erythrocytes of the same spe­
cies in respect to PRPP concentration and PRPP synthesis. 
Data on PRPP concentrations and PRPP synthesis are only a v a i l a ­
ble on human lymphocytes, but comparison i s d i f f i c u l t since methods 
of i s o l a t i o n of lymphocytes and parameters used for concentration 
and enzyme a c t i v i t y markedly d i f f e r . Hovi et a l . (166) found a lower 
PRPP concentration in lymphocytes, but Allsop 4 Watts (fi) reported 
comparable concentrations. Other data (74) can not be compared. PRPP 
synthetase a c t i v i t i e s of human lymphocytes are in the same range as 
values reported e a r l i e r ( 6 , 129, 343, 4 2 6 ) . We found a considerable 
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a c t i v i y of t h i s enzyme i n r a t lymphocytes i n c o n t r a s t to Hal lak & 
W i l k i n s o n ( 1 2 9 ) . 
A c t i v i t i e s of OPRT and ODC were e s t i m a t e d t o g e t h e r , because 
these enzymes e x i s t as a complex i n v a r i o u s c e l l systems ( Ι Ι Ί - , 26<t, 
3 3 0 ) . Because o f the i n s t a b i l i t y of these enzymes, a c t i v i t i e s were 
measured immediate ly a f t e r p r e p a r a t i o n o f the e x t r a c t . Their a c t i v i ­
t i e s i n human, equine and bovine lymphocytes were r e p o r t e d e a r l i e r 
( 3 7 0 ) , but are presented here to compare them w i t h the a c t i v i t i e s i n 
the o t h e r species and w i t h the c a p a c i t y o f the o t h e r two P R P P - u t i l i -
z i n g phosphor! bOsyl t r a n s f e r a s e s (Table 2 . 2 ) . 
Ovine lymphocytes show a s i m i l a r OPRT a c t i v i t y as human and bo­
v ine lymphocytes, w h i l e t h e i r ODC a c t i v i t y i s i n t e r m e d i a t e . Porcine 
lymphocytes show h i g h e r a c t i v i t i e s o f OPRT and ODC than those o f the 
o t h e r mammals. There was again no c o r r e l a t i o n between a c t i v i t i e s i n 
lymphocytes and e r y t h r o c y t e s (363) o f the same s p e c i e s . OPRT and ODC 
a c t i v i t i e s were to low i n e r y t h r o c y t e s o f horse and sheep (363) to 
conclude a n y t h i n g about a r e l a t i o n s h i p . In the lymphocytes of these 
animals the same c o o r d i n a t e r e l a t i o n s h i p could be e s t a b l i s h e d as i n 
th e lymphocytes and e r y t h r o c y t e s of the o t h e r s p e c i e s . Such a r e l a ­
t i o n s h i p was e a r l i e r found i n human e r y t h r o c y t e s by Fox e t a l . (114) 
and i n r a t t i s s u e s ( 2 6 4 ) . In p o r c i n e and human lymphocytes the ODC/ 
OPRT r a t i o was markedly h igher than the u s u a l l y observed value of 
2 - 3. A h igh r a t i o was a lso found i n p o r c i n e e r y t h r o c y t e s ( 3 6 3 ) . 
HPRT and APRT a c t i v i t i e s were determined i n the 20 000 ς super­
n a t a n t o f lymphocyte e x t r a c t s t o d i m i n i s h i n t e r f e r e n c e o f membrane-
bound 5 ' - n u c l e o t i d a s e . In a l l APRT assays adenosine accounted f o r 
l e s s than 5% of p r o d u c t s formed. Because of the absence of an adeno­
s i n e Phosphorylase no s u b s t r a t e d i l u t i o n had to be expected. In HPRT 
assay o n l y I n man more than 5Ϊ of the formed p r o d u c t s was I n o s i n e . 
I t s f o r m a t i o n was l i n e a r i n respect to t i m e . At the end o f 30 min 
i n c u b a t i o n o f human lymphocyte e x t r a c t the c o n c e n t r a t i o n o f i n o s i n e 
could reach a value o f θ цМ, which I s markedly below the r e p o r ­
ted Km values o f 3 0 - 1 0 0 μΜ f o r PNP (107, 199, chapter 8 ) . Because 
no phosphate i s I n c l u d e d i n the r e a c t i o n m i x t u r e , i t s c o n c e n t r a t i o n 
w i l l remain much below the km value o f 0.3 mM (107, 199). F u r t h e r ­
more i n c u b a t i o n i n the presence of excess i n o s i n e d i d not decrease 
the sum o f p r o d u c t s (IMP p l u s i n o s i n e ) . So i t i s not l i k e l y t h a t a 
r e c y c l i n g v ia i n o s i n e to the hypoxanthine s u b s t r a t e of HPRT takes 
p l a c e . Because of the heat s t a b i l i t y o f HPRT and APRT i n lymphocyte 
e x t r a c t s , r e a c t i o n s were not t e r m i n a t e d w i t h h e a t i n g as on hemoly-
sates (363) but w i t h f o r m i c a c i d . Since data on p u r i n e phosphor ibo-
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Table 2 . 2 . A c t i v i t i e s of HPRT, APRT, OPRT and ODC and the ODC/OPRT 
r a t i o in e x t r a c t s of mammalian lymphocytes 
Species HPRT APRT OPRT ODC ODC/OPRT 
Man 6Û * L6 Ρ) ω ± Z2 (7) 039 ± Qd9 01) L37 + OA* Ρ) Ίνθ ± 2.7 (?) 
C a t t l e го ± a? (7) 03 ± ОЗ (5) QA7±(U6 ( 9 ) Об ± 0Л9 p) 1.5 ± 03 P) 
Horse 232 ± 46 (6) 45 ± L* № 006 ± 001 ( 5 ) Ol6 ± 003 (5) 2.7 + 06 (5) 
Pi g i8±LS>CT 0 Α ± Ο 1 ( 5 ) U 5 ± a * 9 ( 9 ) 5 . 7 9 ± 2 J 7 ( 9 ) 6 3 ± 2 J ( 6 ) 
Sheep ΊΑ ± і г (7) ω ± ОЗ ft) 03^ ± Ol* ( 6 ) Q50 ± 02 4 (â 2.7 ± 0* (â 
Enzyme a c t i v i t i e s are g iven as the mean ± SD in nmol/hr per 1 0 ' c e l l s . 
The number of i n d i v i d u a l s i s g iven w i t h i n p a r e n t h e s e s . 
s y l t r a n s f e r a s e s of human lymphocytes are sometimes based on the pro-
t e i n c o n t e n t o f the 20 000 g supernatant we a l s o measured t h i s para-
meter . The c o n t e n t was about 20 gg p r o t e i n per 1 0 6 c e l l s . 
In man a c t i v i t i e s of HPRT and APRT were about the same and com-
parab le to those in the l i t e r a t u r e ( 7 4 , 8 4 , 2Θ7, 3 2 0 ) . Host authors 
found a somewhat h igher a c t i v i t y of APRT. The l a r g e v a r i a t i o n s in 
the a c t v i t i e s of t h e s e enzymes and a l s o of o t h e r enzymes (366) in 
lymphocytes of p ig and c a t t l e could be caused by the h e t e r o g e n o u s 
p o p u l a t i o n of t h e s e a n i m a l s , s i n c e blood was o b t a i n e d a t the l o c a l 
s l a u g h t e r h o u s e . In each i n d i v i d u a l animal HPRT a c t i v i t y was always 
h igher than APRT a c t v i t y . APRT a c t v i t y was very low in lymphocytes 
of c a t t l e , p i g and sheep, but a h igher and s i m i l a r a c t i v i t y was pre­
s e n t in lymphocytes of horse and man. The h i g h e s t HPRT a c t i v i t y was 
found in equine l ymphocytes , w h i l e t h i s enzyme was n e a r l y absent 
from e r y t h r o c y t e s of t h i s animal ( 3 6 3 ) . In man both t y p e s of blood 
c e l l s conta in a c o n s i d e r a b l e a c t i v i t y of HPRT and are a f f e c t e d in 
complete or p a r t i a l d e f i c i e n c y of t h i s enzyme ( 7 4 ) . 
In mammalian lymphocytes no d i r e c t c o r r e l a t i o n was found be­
tween the maximal a c t i v i t i e s of OPRT, HPRT and APRT, and between 
t h e s e a c t v i t i e s and the PRPP c o n c e n t r a t i o n or a c t i v i t y of PRPP syn­
t h e t a s e . In lymphocytes of a l l s p e c i e s e x c e p t c a t t l e t o t a l a c t i v i ­
t i e s of t h e s e phosphor ibosy l t r a n s f e r a s e s were h igher than that of 
PRPP s y n t h e t a s e . HPRT seems to be the most important PRPP consumer 
out of the enzymes t e s t e d . In a l l s p e c i e s OPRT a c t i v i t y i s much l o ­
wer. S i n c e aden ine, the s u b s t r a t e of APRT, i s n e a r l y absent from 
mammalian c e l l s , the high APRT a c t i v i t y in human and equine lympho-
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c y t e s I s not c l e a r . Maximal HPRT a c t i v i t y o f human lymphocytes i s 
about equal to the c a p a c i t y o f PRPP s y n t h e t a s e . The same ho lds f o r 
PRPP a m i d o t r a n s f e r a s e ( 6 ) . The Km v a l u e s o f HGPRT and APRT f o r 
PRPP however a r e about an o r d e r o f magni tude l o w e r than t h a t o f the 
a m i d o t r a n s f e r a s e ( 4 1 8 ) . Thus the sa lvage pathways w i l l have a marked 
c o m p e t i t i v e advantage f o r the low c o n c e n t r a t i o n o f PRPP i n PBL. M i -
t o g e n i c s t i m u l a t i o n a c t i v a t e s both de novo and sa lvage s y n t h e s i s o f 
p u r i n e n u c l e o t i d e s ( 1 6 8 , 2 8 7 ) . The r o l e o f PRPP i n t h i s r e s p e c t , 
however, i s s t i l l d iscu ta t te ( 6 , 7 * , 1 4 1 , 168 ) and deserves f u r t h e r 
I n v e s t i g a t i o n . --
2 . 4 . Summary 
1. The concentration of PRPP and the activities of PRPP synthetase, 
OPRT, ODC, HPRT and APRT have been determined in lymphocyte extracts 
of man, cattle, horse, pig and sheep. 2. PRPP concentration and 
PRPP synthetase actvity were similar in all species. OPRT 
and ODC activities were very low in equine lymphocytes and relative-
ly high in porcine lymphocytes. 4. OPRT and ODC activities were 
coordinate in all species studied. 5. HPRT activity was higher in 
equine lymphocytes than in those of the other species. HPRT activi-
ty was higher than APRT activity in all animal species studied. 
6. APRT activity was similar in equine and human lymphocytes and 




METABOLISM OF PRPP IN PERIPHERAL AND PHA STIMULATED MAMMALIAN 
LYMPHOCYTES* 
3 . 1 . I n t r o d u c t i o n 
I n t r a c e l l u " l a r a v a i l a b i l i t y o f p u r i n e , p y r i m i d i n e and p y r i d i n e 
n u c l e o t i d e s i n adequate c o n c e n t r a t i o n s i s necessary f o r the s u r v i -
v a l o f 'every an ima l c e l l . PRPP p lays a key r o l e i n the s y n t h e s i s o f 
these n u c l e o t i d e s not o n l y as a s u b s t r a t e ( F i g . 3 . 1 ) but a lso as a 
r e g u l a t o r o f s e v e r a l enzymes e . g . i n p y r i m i d i n e b i o s y n t h e s i s o f CPS 
I I ( 3 5 9 ) . Hence the r e g u l a t i o n o f PRPP s y n t h e s i s i s i m p o r t a n t f o r 





Fig. 3.1. Metabolism of 
PRPP. 
PRA, phosphor! bosylamine; 
and gin, glutamine. 
PRPP synthesis from ATP and ribose 5-P (Fig. 3.1) Is catalyzed 
by PRPP synthetase. The activity of this enzyme isolated from human 
erythrocytes (105), bacteria (355), Ehrlich ascites cells (^17) and 
rat liver (306) appeared to be influenced by several nucleotides. 
PRPP synthesis and regulation of PRPP synthetase activity is affec-
ted in certain cases of gout (21) and ADA deficiency associated with 
SCIO might be mediated by inhibition of PRPP synthesis (118). 
Lymphocytes stimulated with the mitogen PHA are an in vitro 
system in which their transformation to 1 ymphoblasts can be studied. 
This process is associated with enhanced RNA and DNA synthesis and 
•adapted from Peters et al. (270) 
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an i n c r e a s e of s e v e r a l enzyme a c t i v i t i e s ( 2 1 1 ) . The r o l e of PRPP 
s y n t h e t a s e and the i n t r a c e l l u l a r c o n c e n t r a t i o n of PRPP during t h i s 
p r o c e s s are d i s p u t e d ( 6 , 7*, 16a, 3 * 3 ) . 
P r e v i o u s l y we reported s t u d i e s on the metabolism of PRPP in PBL 
of v a r i o u s mammals ( chapter 2 ) . We extended our s t u d i e s to the con-
c e n t r a t i o n of PRPP and the a c t i v i t y of PRPP s y n t h e t a s e in PHA-stimu-
l a t e d lymphocytes of man, horse and p i g . Equine and porc ine lympho-
c y t e s c o n t a i n a very low ADA a c t i v i t y and may s e r v e as model sys tems 
In s t u d y i n g the e f f e c t s of ADA d e f i c i e n c y on lymphocyte f u n c t i o n 
( 4 0 3 ) . We a l s o s t u d i e d the k i n e t i c s o f PRPP s y n t h e t a s e and t e s t e d 
35 compounds of i n t e r e s t I n c l u d i n g l * a d e n o s i n e d e r i v a t i v e s on t h e i r 
i n f l u e n c e on i t s a c t i v i t y . 
3 . 2 . M a t e r i a l s and methods 
Origin o f most m a t e r i a l s I s d e s c r i b e d in chapter 2 . {6- a H}Thy-
mldlne was o b t a i n e d from the Radiochemical Centre , Amer sham, UK. Bac-
to Phytohemagglut in ln-P was a product from Di fco L a b o r a t o r i e s , De-
t r o i t , MI, USA. Autopow Minimum E s s e n t i a l Medium Eagle for suspens ion 
c u l t u r e s and horse serum were from Flow L a b o r a t o r i e s , I r v i n e , S c o t -
l a n d , UK; So luene-100 from Packard, Groningen, the N e t h e r l a n d s . All 
o t h e r chemica l s were from the h i g h e s t q u a l i t y commercia l ly a v a i l a b l e . 
Blood samples were taken in h e p a r i n l z e d b o t t l e s from h e a l t h y 
a d u l t v o l u n t e e r s and a d u l t h o r s e s (Equus c a b a l l u s ) and p i g s (Sus 
s c r o f a ) 
3 . 2 . 2 . Enz^me_assays 
Preparation of lymphocyte lysates, determination of the acti-
vity of PRPP synthetase and of the concentration of PRPP were per-
formed as described in chapter 2. In the assay of PRPP synthetase 
the concentrations of potassium phosphate and MgCl2 were 25 and 10 
mM, respectively. ATP and ribose 5-P were present in a 1 mM concen-
tration, unless otherwise indicated. Interpretation of kinetics and 
calculation of Ki values were performed according to Segel (328). 
3.2.3. Cell cultures 
Cells were cultured In a volume of one ml in silanized glass 
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t u b e s i n 22 πΗ b i c a r b o n a t e - b u f f e r e d MEHS s u p p l e m e n t e d w i t h horse s e ­
rum (10X f o r human and p o r c i n e l y m p h o c y t e s and 20% f o r e q u i n e lympho­
c y t e s ) , 2 mM L - g l u t a m i n e , and 100 yg s t r e p t o m y c i n and 100 U n i t s p e ­
n i c i l l i n p e r ml u n d e r an atmosphere o f 9 5 » а і г / 5 * C02 a t 3 7 0 C and 
90-95% h u m i d i t y . C e l l c o n c e n t r a t i o n was ? x l 0 6 c e l l s / m l f o r e q u i n e 
and p o r c i n e l y m p h o c y t e s and 0 . 5 - 1 . 0 χ I O 6 c e l l s / m l f o r human lympho­
c y t e s . I n P H A - s t i ' m u l a t e d c u l t u r e s t h e c o n c e n t r a t i o n o f PHA was 2 0 , 
5 and 1 . 2 5 yg PHA/10 6 c e l l s f o r human, p o r c i n e and e q u i n e l y m p h o c y ­
t e s , r e s p e c t i v e l y . 
C e l l s w e r e ' i s o l a t e d i n PBS f o r use i n c u l t u r e s i n which t h e a c ­
t i v i t y o f PRPP s y n t h e t a s e was m e a s u r e d . At 2 4 , 4Θ and 72 hr a f t e r 
s t a r t i n g t h e c u l t u r e s , t h e c o n t e n t s o f 2 tubes were p o o l e d , washed 
w i t h PBS, c e n t r i f u g e d and suspended i n an a p p r o p r i a t e amount o f 25 
mM p o t a s s i u m p h o s p h a t e b u f f e r (pH 7 . 4 ) c o n t a i n i n g 1 mM EDTA. C e l l s 
were l y s e d by s o n i c a t i o n and t h e a c t i v i t y o f PRPP s y n t h e t a s e was 
m e a s u r e d . C o n c e n t r a t i o n o f PRPP was e s t i m a t e d i n c e l l s i s o l a t e d i n 
i s o t o n i c T r i s b u f f e r ( c h a p t e r 2 ) . A f t e r 3 , 2 4 , 48 and 72 hr t h e c o n ­
t e n t s o f 7 - 1 0 t u b e s were p o o l e d , washed w i t h i s o t o n i c T r i s - b u f f e r , 
c e n t r i fuged and suspended i n an a p p r o p r i a t e amount o f 50 mM T r i s - H C l 
b u f f e r (pH 7 . 4 ) c o n t a i n i n g 1 mM EDTA. C e l l s were l y s e d and t h e con­
c e n t r a t i o n o f PRPP was d e t e r m i n e d . 
At 2 4 , 48 and 72 hr t h y m i d i n e i n c o r p o r a t i o n was d e t e r m i n e d a f ­
t e r a d d i n g 18 uM { 6 - 3 H } t h y m i d i n e ( 1 Ci/mmol) t o t h e c u l t u r e 4 hr 
p r i o r to h a r v e s t . The c e l l s were I s o l a t e d w i t h a T i t e r t e k C e l l H a r ­
v e s t e r ( F l o w L a b o r a t o r i e s , I r v i n e , UK) u s i n g TCA p r e c i p i t a t i o n . The 
g l a s s - f i b e r f i l t e r s were d r i e d and 0 . 2 ml o f S o l u e n e - 1 0 0 and 5 ml 
o f t o l u e n e , c o n t a i n i n g 6 g PP0 and 0 . 4 g dimethyl-POPOP p e r 1 , were 
a d d e d . R a d i o a c t i v i t y was measured i n a P a c k a r d PRIAS T r i - C a r b L i q u i d 
S c i n t i l l a t i o n C o u n t e r . 
3 . 3 . R e s u l t s 
3 . 3 . 1 . E f f e c t s o f P H A - s t i m u l a t i o n 
The c u l t u r e condi t i o n s of l y m p h o c y t e s , 
m i d i n e I n c o r p o r a t i o n 
o f PRPP s y n t h e t a s e ar 
(cha 
id t h 
c u l t u r e s t h y m i d i n e i n c o r p 
S t i m u l a t i o n i n d e x ( г а 
t e d c u l t u r e s to t h a t 
ways h i g h e r than 8 . 
i t l o 
i n t o 
o p t i m i z e d 
p t e r 6 ) , were a l s o used to f 
e c o n c e n t r a t i o n о 
o r a t i o n r e a c h e s a 
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r p o r a t e d i n 
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3 . 2 . E f f e c 
s t i m u 
c t i v i t y o f 
s e . V a l u e s 
c t i v i t y a t 
e c u l t u r e s 
e x p e r i m e n t 
s l e s s tha 
e a n . A c t i v 
s y n t h e t a s e 
2 ± 0 . 7 , 7 
. 4 ± 1.6 nm 
e l l s f o r e 
(G) and ρ 
o c y t e s , r e 
s ± S D ) . 
t o f PHA-
l a t i o n on 
PRPP s y n -
( i n * o f 
t h e s t a r t 
) a r e means 
s . SD was 
η 20X o f 
i t y o f 
a t 0 hr 
. 1 ± 2 . 1 
o l / h r per 
q u i n e ( ο ) , 
o r c i n e ( Δ ) 
s p e c t i v e l y 
F l g . 3 . 2 g i v e s t h e r e l a t i v e a c t i v i t y o f PRPP s y n t h e t a s e o f c o n t r o l 
and s t i m u l a t e d l y m p h o c y t e s . I n n o n - s t i m u l a t e d c e l ^ s PRPP s y n t h e t a s e 
a c t i v i t y m a r k e d l y d e c r e a s e d a t c u l t i v a t i o n , p r e s u m a b l y by d e a t h and 
d e g r a d a t i o n o f t h e c e l l s . I n e q u i n e l y m p h o c y t e s t h e a c t i v i t y o f PRPP 
s y n t h e t a s e i s s l i g h t l y i n c r e a s e d w i t h s t i m u l a t i o n , i n t h e o t h e r s p e ­
c i e s no s i g n i f i c a n t change was f o u n d . I n c o n t r a s t c o n c e n t r a t i b n o f 
PRPP r a p i d l y i n c r e a s e d i n c u l t u r e s w i t h and w i t h o u t PHA ( F i g . 3 . 3 ) . 
I n c u l t u r e s w i t h o u t PHA c o n c e n t r a t i o n o f PRPP f a l l s down to c o n t r o l 
l e v e l s a t 24 h r . I n human and p o r c i n e l y m p h o c y t e s t h e i n c r e a s e o f 
PRPP c o n c e n t r a t i o n a t 3 hr i s l a r g e r i n c u l t u r e s w i t h PHA t h a n i n 
c u l t u r e s w i t h o u t PHA. PRPP c o n c e n t r a t i o n r e a c h e s a maximum a t 48 hr 
rtlahv« conttntraMon (*/•) 
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3 . 3 . E f f e c t o f 
P H A - s t i m u -
n on t h e c o n c e n -
on o f PRPP. Va-
( i n X o f the c o n ­
a t i o n a t t h e 
o f t h e c u l t u r e ) 
eans of 3 - 9 e x -
e n t s . SD was a l -
l o w e r t h a n 30X 
e mean. Concen-
n o f PRPP a t 0 
s 4 . 7 ± 2 . 5 ( 9 ) , 
3 . 0 ( 7 ) and Θ.1 
( 6 ) n m o l / 1 0 9 
f o r e q u i n e ( o ) , 
( D ) and p o r c i n e 
ymphocytes, r e s -
v e l y (means ± SD 
he number o f e x -
e n t s g i v e n w i t h i n 
t h e s e s ) . 
incubuhon fimt (№ 
4 6 
i n porc ine and human lymphocytes, wh i l e i n equine lymphocytes the 
values a t ^8 and 72 hr are comparable. 
lililí ( i i îSï iSS.SÎ .PÇ?? synthetase 
Km v a l u e s o f ATP and r i b o s e 5-P were d e t e r m i n e d f rom L i n e w e a v e r -
B u r k e p l o t s a t t h e o p t i m a l c o n c e n t r a t i o n s o f t h e second s u b s t r a t e 
( 1 mM). PRPP s y n t h e t a s e showed s i m i l a r Km v a l u e s f o r r i b o s e 5-P 
and c o m p a r a b l e b i p h a s i c k i n e t i c s f o r ATP i n l y s a t e s f r o m l y m p h o c y t e s 
o f man and h o r s e ( T a b l e 3 . 1 ) . W i t h a l l r i b o s e 5-P c o n c e n t r a t i o n s u n -
t i l 1 mM no s u b s t r a t e i n h i b i t i o n by ATP was o b s e r v e d u n t i l 1 mM ATP. 
S u b s t r a t e i n h i b i t i o n by r i b o s e 5-P was d e p e n d e n t on t h e r a t i o o f 
r i b o s e 5-P/ATP and was o b s e r v e d a t r a t i o s h i g h e r t h a n 2 ( F i g . 3 . * ) . 
A t s t a n d a r d a s s a y c o n d i t i o n s ( 1 mM ATP, 1 mM r i b o s e 5 -P) max ima l 
a c t i v i t i e s were o b s e r v e d . 
T a b l e 3 . 1 . Km v a l u e s f o r ATP and r i b o s e 5-P o f PRPP s y n t h e t a s e i n 
l y s a t e s o f human and e q u i n e l y m p h o c y t e s . 
Man Horse 
ATP 4 . 7 ± 1.1 (3 ) 6 .1 ± 0 . 9 (12) 
2 1 . 5 ± 5 .3 (*) 3Θ.5 ± 4 . 0 ( 5 ) 
Ribose 5-P 21.2 ± 5.1 (7) 27.5 ± 2 . 1 ( 4 ) 
Values ( i n μΜ) are means± SD f o r the number of experiments given 
w i t h i n parentheses. 
3 . 3 . 3 . I n h i b i t i o n _ o f .PRPP synthetase 
Because o f comparable k i n e t i c s and l a r g e r a v a i l a b i l i t y than 
human lymphocytes we used equine lymphocytes to study the e f f e c t s 
o f severa l p u r i n e s , p y r i m i d i n e s and some o t h e r compounds of i n t e ­
r e s t on the a c t i v i t y o f PRPP synthetase both a t subopt imal ATP 
and subopt imal r i b o s e 5-P c o n c e n t r a t i o n s (Table 3 . 2 ) . P r i o r to t e s ­
t i n g the e f f e c t on PRPP s y n t h e t a s e , t h e i r n o n - i n t e r f e r e n c e w i t h the 
added OPRT and ODC enzymes from yeast was a s c e r t a i n e d a t suboptimal 
c o n c e n t r a t i o n s of PRPP (Θ uM). None o f the t e s t e d compounds was i n ­
h i b i t o r y , even TTP, a s t r o n g i n h i b i t o r o f hemolysate OPRT (364) anri 
AMP and CMP, i n h i b i t o r s o f hemolysate ODC (369), d i d not i n h i b i t . 
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Flg. 3.». E f f e c t of substrate concentrations on PRPP synthetase ac­
t i v i t y of human lymphocytes. V, ЭО.З gM ATP; о, 5Θ..Θ μΜ 
ATP; X, 150 uM ATP; D, 500 uM ATP; and Δ, 1000 μΜ ATP 
PRPP synthetase a c t i v i t y was i n h i b i t e d by nearly a l l nucleotides 
tested in a 5 mM concentration, e i t h e r with respect to ATP or ribose 
5-P (Table 3 . 2 ) . Cyclic GMP and nucleosides did not show any i n h i b i ­
tory e f f e c t . The monophosphate nucleotides AMP, dAMP, GMP and dCMP 
and the d i - and triphosphate nucleotides ADP, dADP, GDP, dATP and 
GTP i n h i b i t e d strongly, the monophosphates more pronounced at low 
ATP and the triphosphates a t low ribose 5-P concentrations. Deoxy-
compounds were less i n h i b i t o r y than t h e i r r ibonucleotides. ATP sho­
wed substrate i n h i b i t i o n at t h i s high concentration. I n h i b i t i o n with 
pyrimidine nucleotides was less than with purine nucleotides. Of the 
other compounds tested only SAM i n h i b i t e d the enzyme markedly. 
The strongest i n h i b i t o r s and cyclic-GMP were also tested at 
0 . 1 mM concentration (Table 3 . 3 ) to get more i n s i g h t in the kind 
of i n h i b i t i o n . Only the adenine and guanine nucleotides were i n h i b i ­
tory at suboptimal ATP concentration, but not a t suboptimal ribose 
5-P concentration. Therefore we determined Ki values for AMP, dAMP, 
ADP and dADP a t a range of low ATP concentrations (5-30 μΜ). Values 
are given in Table 3 . * . I n h i b i t i o n by AMP i s competitive as i s shown 
in a Lineweaver-Burke p l o t ( F i g . 3 . 5 ) . At high concentrations of ATP 
i n h i b i t i o n changes to non-competitive and a higher KI value i s found. 
With the other nucleotides d i f f e r e n t kinds of k i n e t i c s were observed, 
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Table 3.2. Effects of several purines and pyrimidines and sone other 
conpounds of interest on the activity of PRPP synthetase 
from equine lymphocytes. 
Addition Relative activity at 
1 mM rlbose 5-P 30 μΜ ribose 5-P 
30 uM ATP 1 mM AIP 
None 100 100 
A d e n o s i n e 
D e o x y a d e n o s i n e 







C o r d y c e p i n * 
C o r d y c e p i n - m o n o p h o s p h a t e * 
C o r d y c e p i n - t r i p h o s p h a t e * 
C u a n o s i n e 
D e o x y g u a n o s i n e 
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61 ± 
9 7 ± 
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1 0 0 ± 
1 0 3 ± 
1 0 2 ± 





































Values (in % of the control activity) are the means ± SD of 3-4 expe­
riments with additions in a 5 mM (*1 mM) final concentration. Acti­
vities of PRPP synthetase (in nmol/hr per 106 cells) at 1 mM ATP and 
1 mM ribose 5-P, at 30 μΜ ATP and 1 mM ribose 5-P, and at 1 mM ATP 
and 30 uM ribose 5-P were 5.3+1.5 (23). 2.9+0.7 (22) and 3.5 ±0.7 
(19), respectively (means + SD for the number of experiments given 
within parentheses). 
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T a b l e 3 . 3 . E f f e c t s o f s e v e r a l p u r i n e s a t 0 . 1 mM c o n c e n t r a t i o n on t h e 
a c t i v i t y o f PRPP s y n t h e t a s e f r o m e q u i n e l y m p h o c y t e s 
A d d i t i o n R e l a t i v e a c t i v i t y a t 
1 mM r i b o s e 5-P 30 цМ r i b o s e 5-P 
30 uM ATP 1 mM ATP 
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Values ( i n % of the c o n t r o l a c t i v i t y ) are means ± SD o f 3-4 e x p e r i ­
ments w i t h a d d i t i o n s i n a 0.1 mM f i n a l c o n c e n t r a t i o n . 
by t e s t i n g them a t 25 and 50 gM c o n c e n t r a t i o n and a t severa l d i f f e ­
r e n t ATP c o n c e n t r a t i o n s . Ribose 5-P c o n c e n t r a t i o n was 1 mM. AMP sho­
wed the lowest Ki v a l u e . Ki values of deoxynucleot ides were h i g h e r 
than those found f o r t h e i r r i b o n u c l e o t i d e s . This agrees w i t h t h e i r 
percentage o f i n h i b i t i o n (Table 3.2 and 3 . 3 ) . dAMP showed non-compe­
t i t i v e i n h i b i t i o n and ADP u n c o m p e t i t i v e . The mode of i n h i b i t i o n by 
dADP was l i n e a r m i x e d - t y p e . 
3 . 4 . Discussion 
PHA-st imulat ion o f lymphocytes induces a number o f changes i n 
c e l l ( 2 1 1 ) . We conf i rmed the r e s u l t s of s e v e r a l a u t h o r s who r e p o r t e d 
an i n c r e a s e i n PRPP c o n c e n t r a t i o n i n human lymphocytes i n the e a r l y 
phase a f t e r PHA-addit ion (74, 166, 343, 419) . A l l s o p & Watts ( 6 ) , 
however, d i d not f i n d an i n c r e a s e i n PRPP c o n c e n t r a t i o n n e i t h e r i n 
the e a r l y phase nor a f t e r 72 h r . No r e p o r t s are a v a i l a b l e on the PRPP 
c o n c e n t r a t i o n i n PHA-st imulated lymphocytes of horse and p i g . In 
a l l mammals the i n c r e a s e o f PRPP c o n c e n t r a t i o n i s not a r e s u l t o f a 
h i g h e r a c t i v i t y of PRPP s y n t h e t a s e . No a l t e r a t i o n i n the a c t i v i t y of 
PRPP synthetase of human lymphocytes a f t e r PHA-st imulat ion was a lso 
found by Snyder et a l . ( 3 4 3 ) , A l l s o p & Watts (6) and Danks 4 Scholar 
( 7 7 ) . Last a u t h o r ^ however, found some d e v i a t i o n from normal values 
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Table 3.». Ki values of AMP, dAMP, 
ADP and dADP with res­
pect to ATP for PRPP synthetase 






Ki v a l u e 
7 . 0 ± 1 . 7 
» 1 . 7 ± 8 . 1 
5 9 . 1 ± 1 1 0 
- 5 1 . 7 ± 1 L 5 
( 5 ) 
( 5 ) 
m 
(*) 
in substrate inhibition con­
stants. 
Biphasic kinetics of PRPP 
synthetase were not previous­
ly observed, probably because 
most authors did not use low 
ATP concentrations for their 
Km determination. Our high Km 
values for ATP in human and 
equine lymphocytes are compa­
rable to those found in human 
and leukemic lymphocytes (77), 
erythrocytes (20, 105), Ehr­
lich ascites cells (417), bac­
teria (35») and rat hepatoma 
cells (126). The Km values for ribose 5-P reported by these authors 
are much higher than our values. Only in human erythrocytes compara­
ble values were found by Fox 4 Kelley (105) and Yip 4 Balis (»27). 
Substrate inhibition by ATP and ribose 5-P was also observed 
for human lymphocytes by Danks & Scholar (77), but at a lower concen­
tration than we did, probably because they used a purified enzyme 
preparation. Furthermore substrate inhibition by ribose 5-P seems 
to depend on the concentration of ATP. At high ATP concentrations 
a much higher concentration of ribose 5-P is needed for substrate 
inhibition as was also found for rat liver by Roth & Deuel (306). 
Values (in uM) are means± SD for 
the number of experiments given 
within parentheses. 
ι
 , 5 
'/PRPP synthetase 
[(nmol /hr per 10e cells)"'} 
01 02 
^ΑΤΡίμΜ"') 
Fig. 3.5. Inhibition of 
PRPP synthe­
tase in lysate of equine 
lymphocytes in the pre­
sence of 1 mM ribose 5-P. 
•>! 
I n h i b i t i o n of PRPP synthetase by AMP and ADP i s a common f e a t u r e 
f o r the enzyme of va r ious sources e . g . human e ry th rocy tes (105) , r a t 
l i v e r (306) , E h r l i c h a s c i t e s c e l l s (417) , spinach (10) and bac te r i a 
(355) . The l a s t authors a lso observed a cons iderab le i n h i b i t i o n by 
dAMP and dADP. In a l l cases repor ted (105, 306, 355, <fl7) guanine 
and py r im id i ne nuc leo t i des were l ess i n h i b i t o r y than adenine n u c l e o t i -
des. I n h i b i t i o n of a c t i v i t y by nuc leos ides was never found but they 
can i n h i b i t PRPP synthes is i n I n t a c t c e l l s by i n t e r f e r i n g i n r ibose5-P 
syn thes is (171) by a l t e r i n g the Pi content (278) or by convers ion 
to n u c l e o t i d e s . The i n h i b i t i o n by cordycepin observed by Tyrsted & 
S a r t o r e l l i (383) i s p o s s i b l y due to the l a s t mechanism since cordy-
cepin-monophosphate i s a po tent i n h i b i t o r PRPP synthetase (Table 
3 . 2 ) . Unl ike Garcia e t a l . (118) we d id not observe s t i m u l a t i o n of 
PRPP synthetase by IMP and GMP, but an i n h i b i t i o n l i k e most au tho rs . 
Cyclic-GMP had no e f f e c t a t 0 .1 and 5 mM c o n c e n t r a t i o n , a l though t h i s 
compound was repor ted to be s t i m u l a t o r y i n mammalian lymphocytes (118) . 
The i n h i b i t i o n o f the enzyme by SAM was not p r e v i o u s l y observed 
and i s remarkable because the r e l a t e d compound SAH d id not show any 
I n h i b i t i o n . I n h i b i t i o n by dATP can be considered as subs t ra te i n h i -
b i t i o n s ince I t can rep lace ATP as a pyrophosphoryl donor (307) . 2 , 3 -
Diphosphog lycera te , considered as a potent r e g u l a t o r o f PRPP synthe-
tase i n e r y th rocy tes (^23, 427) , may not p lay t h i s r o l e i n lympho-
cy tes , because even a t 5 mM no i n h i b í t i o n was observed. S t a b i l i z a t i o n 
of the enzyme by EDTA and a high amount o f p r o t e i n may cause t h i s 
d i f f e r e n c e i n i n h i b i t i o n (306) . Most Ki values of AMP, ADP and dADP 
were es t imated a t h igh concen t ra t i ons (>25 μΜ) of ATP and vary con­
s i d e r a b l y between the enzyme p r e p a r a t i o n s of v a r i o u s o r i g i n s . There­
f o r e no proper comparison w i t h our r e s u l t s i s p o s s i b l e . Only the va­
l u e and k i n e t i c s observed f o r AMP i n r a t hepatoma c e l l s by Green & 
M a r t i n (126) are comparable. 
The observed k i n e t i c s of PRPP synthetase could p o s s i b l y e x p l a i n 
the i n c r e a s e o f PRPP c o n c e n t r a t i o n found a f t e r PHA-st imulat ion and 
the p o s s i b l e r o l e of PRPP i n ADA d e f i c i e n c y a s s o c i a t e d w i t h SCIO. 
An enlarged PRPP a v a i l a b l i t y may s t i m u l a t e n u c l e o t i d e and t h e r e f o r e 
RNA and DNA s y n t h e s i s . Because the maximal a c t i v i t y of PRPP synthe­
tase i s not i n c r e a s e d i n PHA-stimulated lymphocytes, PRPP s y n t h e s i s 
may be s t i m u l a t e d by an i n c r e a s e d a v a i l a b i l i t y of s u b s t r a t e s or l e s s 
i n h i b i t i o n by r e g u l a t o r y i n h i b i t o r s . Probably a lower c o n c e n t r a t i o n 
o f AMP and ADP i s present i n PHA-st imulated lymphocytes t o g e t h e r 
w i t h a h igher energy charge. These c o n d i t i o n s may s t i m u l a t e PRPP 
s y n t h e s i s ( 1 1 , 355) . Ribose 5-P s y n t h e s i s could be s t i m u l a t e d by an 
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acceleration of the hexose monophosphate shunt (13*, 231). 
In patients with ADA-deficiency associated with SCID an accu­
mulation of (deoxy)adenoslne will occur (206) which may lead to a 
higher concentration of (d)AMP. The concentration of inosine may be 
lower and less ribose 1-P will be formed by phosphorylysi s. Further­
more accumulation of SAM can occur (281). All these processes can 
Inhibit PRPP synthesis, which affects purine, pyrimldine and pyri­
dine synthesis and subsequently RNA and DNA synthesis, resulting in 
a severe Impairment of cell proliferation. Further investigations 
on the role of adenosine and deoxyadenosine in PRPP synthesis can 
give more insight in this complex metabolism. 
3.5. Summary 
1 . P H A - s t i m u l a t i o n i n c r e a s e d 3 - 1 1 f o l d t h e c o n c e n t r a t i o n o f PRPP 
i n l y m p h o c y t e s o f man, h o r s e and p i g , b u t d i d n o t change t h e a c t i ­
v i t y o f PRPP s y n t h e t a s e i n t h e s e c e l l s . 2 . PRPP s y n t h e t a s e showed 
s i m i l a r Km v a l u e s f o r r i b o s e 5-P ( a b o u t 25 uM) and comparable Ы -
p h a s l c k i n e t i c s f o r ATP i n l y s a t e s from l y m p h o c y t e s o f man and horse 
( low Km v a l u e i s a b o u t 5 ц М ) . 3 . At a l l c o n c e n t r a t i o n s o f r i b o s e 
5-P ( 3 0 - 1 0 0 0 uM) no s u b s t r a t e i n h i b i t i o n by ATP was found u n t i l 1 
mM. S u b s t r a t e I n h i b i t i o n by r i b o s e 5-P was o b s e r v e d a t r i b o s e 5-P/ 
ATP r a t i o s h i g h e r than 2 . * . The i n f l u e n c e o f 35 compounds was 
t e s t e d on t h e a c t i v i t y o f PRPP s y n t h e t a s e from e q u i n e l y m p h o c y t e s . 
Adenine and guanine n u c l e o t i d e s i n h i b i t e d m a r k e d l y more than p y r i ­
m l d i n e n u c l e o t i d e s a t 5 mM c o n c e n t r a t i o n . I n h i b i t i o n by monophospha­
t e n u c l e o t i d e s was more pronounced a t ' 30 uM ATP t h a n a t 30 uM r i b o ­
se 5 - P . 5. At 0 . 1 mM o n l y AMP, dAMP, ADP, dADP and GMP were i n h i ­
b i t o r y a t 30 uM ATP, b u t n o t a t 30 цМ r i b o s e 5 - P . AMP showed a com­
p e t i t i v e I n h i b i t i o n w i t h ATP and a Ki v a l u e o f a b o u t 7 uM. dAMP, ADP 




PYRIMIDINE METABOLISM IN PERIPHERAL AND PHA-STIMULATED MAMMALIAN 
LYMPHOCYTES· 
fr.l. I n t r o d u c t i o n 
P y r i m i d l n e n u c l e o t i d e s can be s y n t h e s i z e d v ia a de novo p a t h ­
way and v ia a salvage pathway. The c o n t r i b u t i o n o f both pathways va­
r i e s among the v a r i o u s c e l l types and organs and c o n d i t i o n s ( 1 3 1 , 
208, 2Θ5, 3 0 8 ) . In human lymphocytes both pathways are present (178, 
180, 213, 2 1 * , 370). At PHA-st imulat ion the a c t i v i t i e s o f the enzy­
mes i n v o l v e d i n salvage pathways show a h i g h e r i n c r e a s e than those 
o f the de novo pathway (180, 213, 2 1 * , 2 * 3 ) . 
Large d i f f e r e n c e s e x i s t i n p y r i m i d l n e metabolism of lymphocy­
tes among v a r i o u s mammalian s p e c i e s . The a c t i v i t i e s of 0PRT and 0DC 
are very low i n lymphocytes o f horse, but r e l a t i v e l y h igh i n those 
o f p i g (chapter 2 ) . However, both species have a very low a c t i v i t y 
o f ADA i n t h e i r lymphocytes (chapter 5 ) . A comparable a c t i v i t y o f 
t h i s enzyme I n human lymphocytes i s a s s o c i a t e d w i t h SCIO (122, 2 6 1 ) . 
The e f f e c t s of ADA d e f i c i e n c y could be mediated by i n h i b i t i o n of py-
r i m i d i n e n u c l e o t i d e s y n t h e s i s (125, 177) . Adenosine and deoxyadeno-
s i n e i n h i b i t e d thymidine and u r i d i n e i n c o r p o r a t i o n o f PHA-stimulated 
lymphocytes of horse and man but w i t h p o r c i n e lymphocytes a s t i m u l a ­
t i o n was found ( c h a p t e r 7 ) . Therefore we performed a study on p y r i ­
midlne metabolism of t h e i r p e r i p h e r a l and PHA-stimula ted lymphocytes. 
For comparison we a lso measured the a c t i v i t i e s of u r i d i n e k inase and 
u r i d i n e Phosphorylase i n p e r i p h e r a l ov ine lymphocytes, s ince these 
lymphocytes have a very low PNP a c t i v i t y (chapter 5) t h a t a p p r o x i ­
mates the a c t i v i t y found i n p a t i e n t s w i t h PNP d e f i c i e n c y a s s o c i a t e d 
w i t h severe T - c e l l d y s f u n c t i o n . 
Although i t has been argued t h a t p y r i m i d l n e n u c l e o t i d e synthe­
s i s could be i n h i b i t e d i n p a t i e n t s w i t h ADA or PNP d e f i c i e n c y , t h i s 
p o s s i b i l i t y has o n l y been s t u d i e d i n murine c e l l l i n e s (177) and e-
r y t h r o c y t e s (110, 112) . Therefore we s t u d i e d the e f f e c t s of s e v e r a l 
m e t a b o l i t e s t h a t can accumulate i n ADA and PNP d e f i c i e n c y on the ac­
t i v i t i e s o f 0PRT and 0DC of porc ine lymphocytes. 
•adapted from Peters e t a l . (27S) 
ЬЬ 
4 . 2 . M a t e r i a l s and methods 
Origin of most m a t e r i a l s was previously described (370, chap­
t e r 3 ) . {6-aH}Thymidine and { 5 - 3 H } u r i d i n e were obtained from the Ra­
diochemical Centre, Amersham, UK. Blood samples were taken in hepa-
r i n i z e d b o t t l e s from healthy a d u l t volunteers and adult horses (E-
quus c a b a l l u s ) , pigs (Sus s c r o f a ) , Texel sheep (Ovis a r l e s ) and cat­
t l e (Bos t a u r u s ) . 
4 . 2 . 2 . Methods 
Preparation of lymphocyte lysates and e x t r a c t s , and determina­
tion of the a c t i v i t i e s of OPRT, ODC, u r i d i n e kinase and u r i d i n e Phos­
phorylase were previously described (370, chapter 2 ) . For the deter­
mination of the inf luence of several metabolites a suboptimal PRPP 
concentration (16 μΜ) was used for the OPRT reaction and a subopti­
mal concentration of 94 yM { carboxyl- ' *C}-orot idine 5'-monophosphate 
( 2 . 6 mCi/mmol) for the ODC r e a c t i o n . Reaction time was 60 min for 
the OPRT and 15 min for the ODC r e a c t i o n . 
Cel ls were cultured i n the presence and absence of PHA in a vo­
lume of 1 ml as described in chapter 3. After 24, 48 and 72 hr the 
contents of 7-10 tubes were pooled, washed with isotonic T r i s buffer 
(pH 7.4) and suspended in an appropriate volume of 50 mM Tris-HCl 
buffer (pH 7 . 4 ) , containing 1 mM EDTA. Cells were lysed by sonication 
(S bursts of 5 sec at maximal output, Branson s o n i f i e r ) and the ac­
t i v i t i e s of OPRT, ODC, u r i d i n e kinase and u r i d i n e Phosphorylase were 
determined. 
Measurement of thymidine and u r i d i n e incorporation i s described 
in chapter 3. Stimulation index ( r a t i o of thymidine or u r i d i n e i n ­
corporation in PHA-stimulated cultures to thymidine or u r i d i n e i n ­
corporation in cultures without PHA) was at l e a s t 4 for thymidine 
and uridine incorporation of equine lymphocytes and at l e a s t 10 for 
thymidine and u r i d i n e incorporation of porcine lymphocytes, when 
measured at 4Θ hr a f t e r s t a r t i n g the c u l t u r e . Only cultures were 
used for enzyme assays that showed an appropriate st imulation of 
thymidine and/or ur idine i n c o r p o r a t i o n . 
4 . 3 . Results 
4 . 3 . 1 . Enzyme a c i v i t l e s in_PBL 
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T a b l e fr.l. A c t i v i t i e s o f u r i d i n e k i n a s e and u r i d i n e phosphory] ase 
i n e x t r a c t s o f mammalian l y m p h o c y t e s 
S p e c i e s U r i d i n e k i n a s e U r i d i n e P h o s p h o r y l a s e 
Man 0 . 5 3 i 0 . 1 5 ( 8 ) 2 . 2 5 ± 0 . 3 6 ( 6 ) 
Horse 0.i»0 ± 0 . І 9 OD 0 . 68 ± 0 . ^9 (θ ) 
P i g 0 . 0 * 0 ± 0.034 ( 7 ) 4 . 5 ± 3 . 5 ttl) 
Sheep 0 . 0 2 2 + 0 . 0 1 1 ( 3 ) 1 . 4 8 ± 0 . 6 9 ( 4 ) 
C a t t l e 0 . 4 8 ± 0 . 3 5 ( 8 ) 1 . 9 0 ± 0 . 9 1 ( 4 ) 
Enzyme a c t i v i t i e s ( i n n m o l / h r p e r 1 0 6 c e l l s ) a r e m e a n s ± SD f o r 
the number o f i n d i v i d u a l s g i v e n i n p a r e n t h e s e s . Enzyme a c t i v i t i e s 
were measured i n 7 0 0 0 g s u p e r n a t a n t s . 
A l l enzyme a s s a y s were p r o p o r t i o n a l w i t h t i m e , s u b s t r a t e and the a -
mount o f l y s a t e or e x t r a c t . T a b l e 4 . 1 g i v e s the a c t i v i t i e s o f u r i ­
d i n e k i n a s e and u r i d i n e P h o s p h o r y l a s e i n p e r i p h e r a l l y m p h o c y t e s o f 
man, h o r s e , p i g , sheep and c a t t l e . The a c t i v i t i e s o f human, e q u i n e 
and b o v i n e l y m p h o c y t e s were p r e v i o u s l y r e p o r t e d ( 3 7 0 ) , but a r e i n ­
c l u d e d f o r comparison and s i n c e more v a l u e s were o b t a i n e d . A c t i v i t y 
o f u r i d i n e k i n a s e i s low i n o v i n e l y m p h o c y t e s . A c t i v i t y o f u r i d i n e 
k i n a s e i n p o r c i n e l y m p h o c y t e s v a r i e d c o n s i d e r a b l y . With l y m p h o c y t e s 
o f most p i g s t h e low a c t i v i t y shown i n T a b l e 4 . 1 was f o u n d , b u t t h e r e 
were a l s o p i g s t h a t had a s i g n i f i c a n t l y h i g h e r a c t i v i t y ( 1 . 4 ± 0 . 3 
n m o l / h r per 1 0 6 c e l l s , m e a n ± SD o f 5 i n d i v i d u a l s ) . The c h a r a c t e r i s ­
t i c s o f the enzyme o f t h e two s u b p o p u l a t i o n s were n o t f u r t h e r i n ­
v e s t i g a t e d . The a c t i v i t y o f u r i d i n e P h o s p h o r y l a s e i s h i g h e r t h a n 
t h a t o f u r i d i n e k i n a s e i n l y m p h o c y t e s o f a l l s p e c i e s . 
P H A - s t i m u l a t i o n o f e q u i n e l y m p h o c y t e s r e s u l t s I n an i n c r e a s e 
i n t h e a c t i v i t y o f u r i d i n e k i n a s e ( F i g . 4 . 1 ) . I n most e x p e r i m e n t s 
w i t h e q u i n e l y m p h o c y t e s maximal s t i m u l a t i o n o f u r i d i n e k i n a s e a c t i ­
v i t y was found a t 48 h r , a t which t i m e u r i d i n e i n c o r p o r a t i o n a l s o 
r e a c h e d a maximum. W i t h p o r c i n e l y m p h o c y t e s the d e g r e e o f the i n ­
c r e a s e o f u r i d i n e k i n a s e a t P H A - s t i m u l a t i o n v a r i e d c o n s i d e r a b l y w i t h 
each a n i m a l . I n F i g . 4 . 1 the r e s u l t s o f c u l t u r e s w i t h a low and a 
h i g h a c t i v i t y a t t h e s t a r t o f the c u l t u r e a r e shown. C u l t u r e s t h a t 
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had a low a c t i v i t y of u r i d i n e k i n a s e a t t h e s t a r t , showed a marked 
i n c r e a s e a t P H A - s t i m u l a t i o n . When a h igh a c t i v i t y was p r e s e n t a t t h e 
s t a r t of t h e c u l t u r e a d e c r e a s e i n t h e a c t i v i t y of u r i d i n e k i n a s e 
was f o u n d , a l t h o u g h t h e u r i d i n e I n c o r p o r a t i o n i n PHA-st imula t e d c u l ­
t u r e s was h i g h e r a t 'fS t h a n a t 2* h r and was a t l e a s t 10 t i m e s h i g h e r 
t h a n i n c u l t u r e s w i t h o u t PHA. The a c t i v i t y r e m a i n e d h i g h e r or compa­
r a b l e t o t h a t of p o r c i n e PHA-st imula t e d l y m p h o c y t e s w i t h a low a c t i ­
v i t y a t t h e s t a r t of t h e c u l t u r e . Wi thout PHA t h e d e c r e a s e i n a c t i ­
v i t y of u r i d i n e k i n a s e was a lways h i g h e r t h a n w i t h PHA. 
A c t i v i t y of u r i d i n e P h o s p h o r y l a s e m a r k e d l y i n c r e a s e d i n a l l 
c u l t u r e s of e q u i n e and p o r c i n e l y m p h o c y t e s a t P H A - s t i m u l a t i o n ( F i g . 
k.Z). With p o r c i n e l y m p h o c y t e s t h e i n c r e a s e a t '•θ hr r a n g e d from 2-
15 t i m e s t h e v a l u e a t t h e s t a r t of t h e c u l t u r e and w i t h e q u i n e from 
2 - е . The v a r i a t i o n s a r e p r o b a b l y r e l a t e d t o t h e v a r i o u s s t a g e s o f 
t h e c e l l c y c l e i n which t h e c e l l s a r e t a k e n ( 3 9 2 ) . In p o r c i n e lympho­
c y t e s t h e a c t i v i t y of u r i d i n e P h o s p h o r y l a s e a l s o i n c r e a s e d i n c u l ­
t u r e s w i t h o u t PHA. 
S i n c e p o r c i n e l y m p h o c y t e s showed r e l a t i v e l y h igh a c t i v i t i e s of 
OPRT and ODC ( c h a p t e r 2) we used t h e s e c e l l s t o f o l l o w t h e a c t i v i ­
t i e s of OPRT and ODC d u r i n g P H A - s t i m u l a t i o n ( T a b l e 4 . 2 ) . A d e c r e a s e 
i n b o t h a c t i v i t i e s was o b s e r v e d i n c u l t u r e s w i t h and w i t h o u t PHA. 
The h i g h e r d e c r e a s e of OPRT a c t i v i t y i s p r o b a b l y due t o t h e h i g h e r 
i n s t a b i l i t y of OPRT t h a n ODC ( 3 6 Ό . 
Table ».2. E f f e c t s of PHA-stimulation on the a c t i v i t i e s of OPRT 




 addit ion 
R e l a t i v e a c t i v i t y ( i n X of t = 0 ) 
2* hr 48 hr 72 hr 
OPRT - 3 9 + 1 0 37 t 34 16 ± 19 
+ 54 ± 37 30 ± 20 41 ± 47 
ODC - 6 1 + 2 0 40 ± 22 40 ± 16 
+ 7 2 + 1 8 59 ± 16 55 ± 21 
V a l u e s a r e m e a n s ± SD of 6 e x p e r i m e n t s . A c t i v i t i e s of OPRT and 
ODC a t t h e s t a r t of t h e c u l t u r e were 1 . 3 6 + 0 . 6 2 and 7 . 2 4 ± 0 . 8 1 
n m o l / h r p e r 1 0 6 c e l l s , r e s p e c t i v e l y (means + SD). 
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¡».З.Э. Inhibition of OPRT and ODC 
We also used porcine lymphocytes to measure the effects of se­
veral purines and pyrimldi nes on lymphocyte OPRT activity at sub-
optimal PRPP concentration (Table * . 3 ) . Since measurement of OPRT 
is based on the subsequent decarboxylation catalyzed by ODC, we first 
tested the effect of these compounds on this enzyme at a concentra­
tion of OMP that is suboptimal for the assay In porcine lymphocytes 
(chapter 2 ) . Tax i Veerkamp (369) showed with human hemolysate that 
the decarboxylation assay of OPRT can be used to measure the effects 
on OPRT with compounds that inhibit the ODC. Only CMP and UHP inhi­
bited ODC activity from porcine lymphocytes by about 25 and 55X, 
respectively. The inhibition of OPRT by these compounds is at least 
partially due to inhibition of ODC. The other compounds did not In­
hibit the ODC assay and ' *C02 production was not increased by a pre-
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Values (In % of the control activity) are means ±SD of 3-5 experi­
ments. Tested compounds were added in a final concentration of 5 
mM. Activity of OPRT at suboptimal PRPP concentration (16 μΜ) was 
1.24 ±0.24 nmol/hr 10 s cells (mean ±SO of 8 experiments) 
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l o n g a t i o n of the second i n c u b a t i o n p e r i o d of the OPRT assay a f t e r 
i n j e c t i o n o f EDTA, t h a t o n l y stops the OPRT r e a c t i o n by complexing 
the Mg + + i o n s but does rot a f f e c t ODC a c t i v i t y . Therefore the data 
i n Table 4.3 r e p r e s e n t e f f e c t s on OPRT a c t i v i t y . The p u r i n e nucleo­
s ides and the guanine n u c l e o t i d e s show r e l a t i v e l y the h i g h e s t i n h i ­
b i t i o n . 
Ь.Ь. D iscussion 
Our r e s u l t s i n d i c a t e t h a t the c o n t r i b u t i o n s of the p y r i m i d i n e 
de novo pathway and the salvage pathway d i f f e r markedly between the 
lymphocytes of the d i f f e r e n t s p e c i e s . In p r e v i o u s r e p o r t s (370, chap­
t e r 2) we demonstrated t h a t p e r i p h e r a l equine lymphocytes have very 
low OPRT and ODC a c t i v i t i e s and p o s t u l a t e d t h a t equine lymphocytes 
p r i m a r i l y depend on salvage pathways f o r p y r i m i d i n e n u c l e o t i d e sup­
p l y . P e r i p h e r a l lymphocytes o f p i g seem to depend on the de novo 
s y n t h e s i s f o r p y r i m i d i n e n u c l e o t i d e s u p p l y , s ince w i t h a l l p i g s i n ­
v e s t i g a t e d (more than 25) h igh a c t i v i t i e s o f OPRT and ODC were found 
(chapter 2 and Table 4.2 and 4 . 3 ) . Furthermore u r i d i n e catabol ism 
i s more l i k e l y than p h o s p h o r y l a t i o n i n these lymphocytes s ince a l ­
ways a h igher u r i d i n e Phosphorylase a c t i v i t y was f o u n d . The v a r i a ­
t i o n s o f the a c t i v i t y of u r i d i n e k inase t h a t were found i n p o r c i n e 
lymphocytes suggest a h e t e r o g e n e i t y f o r t h i s enzyme i n p i g s . 
At PHA-st imulat ion the salvage pathway seems to p l a y a more 
i m p o r t a n t r o l e f o r p y r i m i d i n e n u c l e o t i d e s y n t h e s i s than the de novo 
pathway. The a c t i v i t i e s of OPRT and ODC decrease w i t h p o r c i n e lym­
phocytes, whereas Lucas (214) observed no change f o r human lympho­
c y t e s . Furthermore i n human PHA-stimulated lymphocytes the i n c r e a s e 
i n the a c t i v i t y of u r i d i n e k i n a s e i s h i g h e r than t h a t of the f i r s t 
enzyme i n p y r i m i d i n e de novo pathway, CPS and АТС (180, 192, 213, 
2 1 4 ) . In equine lymphocytes w i t h t h e i r low OPRT and ODC a c t i v i t i e s , 
u r i d i n e k inase a c t i v i t y i n c r e a s e d a t P H A - s t i m u l a t i o n , and i n p o r c i n e 
lymphocytes the change i n u r i d i n e k inase a c t i v i t y was i n v e r s e l y r e ­
l a t e d to the a c t i v i t y a t the s t a r t of the c u l t u r e s . 
The e f f e c t of PHA-st imulat ion on u r i d i n e Phosphorylase a c t i v i ­
t y was not p r e v i o u s l y r e p o r t e d . The h igher i n c r e a s e and the h igher 
a b s o l u t e values o f the u r i d i n e Phosphorylase a c t i v i t y i n porc ine 
lymphocytes i n comparison to i n equine lymphocytes are compat ib le 
w i t h the l a r g e r c a p a c i t y o f t h e i r p y r i m i d i n e n u c l e o t i d e de novo p a t h ­
way. In equine lymphocytes u r i d i n e p h o s p h o r y l a t i o n appears to be 
e s s e n t i a l f o r RNA s y n t h e s i s . With i n t a c t p e r i p h e r a l equine lympho-
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cytes no ca ta bol ism of uridine could be demonstrated (370). 
Inhibition by CMP and UMP was found for ODC from various sour­
ces (ІЦ, 75, 116, 369, 376). The inhibition of OPRT by these nucle­
otides is mainly due to inhibition of 00C, that results in accumula­
tion of OMP (36*). The mechanism by which various nucleosides may 
inhibit the OPRT reaction in lysates of Ehrlich ascites cells (376) 
and lymphocytes is still not clear. PRPP depletion may be a cause, 
especially when it is present at a low concentration (278, chapter 
7). A distinct effect of nucleosides on the orotic acid binding site 
of the enzyme may also be involved. The inhibition of OPRT by AMP, ADP, 
GMP, TTP, UTP was also reported for Ehrlich ascites cells (376) and/ 
or human hemolysate (364, 369) but the inhibition by guanine nucleo­
sides and nucleotides, except GMP, and SAH and SAM was not previous­
ly reported. Several of the tested compounds can accumulate in ADA 
or PNP deficiency (2Θ1). Therefore inhibition of pyrimidine nucleo­
tide synthesis de novo by these compounds by their effects on OPRT 
and ODC activity or on PRPP synthesis and utilization (chapter 3) 
can not be excluded in the lymphocytes of these patients. 
4.5. Summary 
1. A c t i v i t y of u r i d i n e k i n a s e was very low in o v i n e lymphocytes and 
in those of some p i g s . Lymphocytes of o t h e r p i g s showed a s i g n i f i ­
c a n t l y h igher a c t i v i t y of t h i s enzyme. A c t i v i t y of u r i d i n e k i n a s e 
in lymphocytes of man, horse and c a t t l e was i n t e r m e d i a t e . 2 . Ac­
t i v i t y of u r i d i n e Phosphory lase was h igher than t h a t of u r i d i n e k i ­
nase with lymphocytes of a l l s p e c i e s . 3 . A c t i v i t y of u r i d i n e k i ­
nase in equine lymphocytes I n c r e a s e s a t PHA-stimulat ion and a l s o in 
p o r c i n e lymphocytes with a low a c t i v i t y a t the s t a r t of the c u l t u r e . 
A c t i v i t y of u r i d i n e k i n a s e decreased in p o r c i n e lymphocytes with a 
high a c t i v i t y a t the s t a r t of the c u l t u r e . b. A c t i v i t y of u r i d i n e 
Phosphory lase i n c r e a s e s at PHA-stimulation with equine and porc ine 
lymphocytes and during c u l t u r l n g of n o n - s t i m u l a t e d porc ine lympho­
c y t e s . 5. A c t i v i t i e s of OPRT and ODC d e c r e a s e in c u l t u r e s of por­
c i n e lymphocytes with and without PHA. 6. A c t i v i t y of OPRT in l y ­
s a t e s of porc ine lymphocytes i s i n h i b i t e d by purine n u c l e o s i d e s and 
by guanine and pyr imid ine n u c l e o t i d e s . 
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Chapter 5 
ADENOSINE AND DEOXYADENOSINE METABOLISM IN MAMMALIAN LYMPHOCYTES* 
5 . 1 . I n t r o d u c t i o n 
Three I n h e r i t e d enzyme d e f i c i e n c i e s In purine catabolism In hu­
man lymphocytes are a s s o c i a t e d with severe dysfunction of the immune 
system. Agammaglobulinemia i s a s soc ia ted with an ecto-5 '-nucleo t i d a s e 
def ic iency (93, 373), SCID with ADA deficiency (122) and a l o s s of 
T-cell function with PNP deficiency (123). The products and subs t ra­
t e s of these enzymes, the purine nucleos ides adenosine, guanosine, 
t h e i r n u c l e o t i d e s and deoxycompounds seem to play a key ro le in these 
d e f i c i e n c i e s (2Θ1), but have a l so many other b i o l o g i c a l and biochemi­
cal a c t i o n s (9, 109). 
The metabolism of adenosine and deoxyadenosine i s shown in Fig. 
5 . 1 . They can be formed by dephosphorylabion of AMP and dAMP, a step 
catalyzed by phosphatases and n u c l e o t i d a s e s , which are e i t h e r cyto-
s o l i c or bound to the outs ide of the plasma membrane (115, 22*) . Ade­
nosine i s a lso formed by hydrolys is of SAH which i s a product of 
t ransmethylat ion r e a c t i o n s involving SAM. The backward react ion (for­
mation SAH) i s poss ib le but wi l l not be important under normal phy­
s i o l o g i c a l condi t ions (162). Nucleoside kinases cata lyze the phos­
phory lat ion of adenosine and deoxyadenosine (,205, 233), ADA the de-
amlnation of adenosine and deoxyadenosine and PNP the phosphorylysl s 
of i n o s i n e , guanosine and t h e i r deoxy-deri v a t i v e s . Since adenosine 
and deoxyadenosine a re r a p i d l y t ranspor ted across the c e l l membrane, 
t h e i r i n t r a c e l l u l a r concentrat ion wi l l be regulated by adenosine 
metabol iz ing enzymes (21Θ). 
The p r e c i s e mechanism by which ADA and PNP d e f i c i e n c i e s are r e ­
l a t e d to immune dysfunction i s not known (281). A high e x t r a c e l l u l a r 
concentra t ion of adenosine, guanosine and t h e i r deoxy-compounds can 
inf luence the uptake of o t h e r nuc leos ides , who share the same t r a n s ­
port system (218). Diminished concentra t ions of the products of ADA 
and PNP r e a c t i o n s and elevated concentra t ions of ( d)nucleo t l des can 
lead to pyrimldine s t a r v a t i o n (125), i n h i b i t i o n of PRPP synthes i s 
(118) and dis turbance in energy r a t i o (318). The high concentrat ion 
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FI g. 5.1. Metabolism of adenosine and deoxyadenosine. 
The enzymes catalyzing the interconversions are: 1, nucle­
oside kinase; 2, 5'-nucleo tidase; 3, AMP deaminase; 5, ADA; PNP and 
and 6, SAH hydrolase. 
of dATP present in lymphocytes of patients with ADA deficiency (85) 
can inhibit ribonucleotide reductase activity resulting in an impair­
ment of DNA synthesis. Accumulation of adenosine and deoxyadenosine 
can also elevate the concentration of SAH, a potent Inhibitor of me-
thylation reactions (144, 202). 
Because patients with ADA deficiency and SCID suffer from a se­
vere lymphopenia, most of the findings are based on studies of their 
erythrocytes, urine and plasma, and on studies at several model sys­
tems, including lymphoma cells and fibroblasts, transformed lympho-
blasts and human PBL, either with or without inhibitors of ADA. 
Earlier (36Θ) we found that equine lymphocytes contain a low 
amount of ADA activity in the same order of magnitude as in lympho­
cytes of patients with ADA deficiency (261). Now we report large 
differences in ADA and PNP activities of lymphocytes and erythrocy­
tes of 10 mammalian species. ADA activity was similarly low in equi­
ne and porcine lymphocytes and PNP activity in ovine and caprine lym­
phocytes was in the same range as in those of patients with PNP de­
ficiency. 
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Knowledge of the adenosine and deoxyadenoslne metabolism in 
lymphocytes of man and these mammals may give insight in the indis­
pensable role of ADA and PNP in the immune function of human lympho­
cytes. A comparative study of maximum activities and kinetic proper­
ties of enzymes involved in adenosine metabolism will provide, as 
stated by Arch & Newsholme (S), useful information about the enzyma­
tic basis for control of the changes in the concentrations of adeno­
sine and deoxyadenoslne and their 5 ' -monophosphate derivatives. There­
fore we investigated in lymphocytes of man, horse, pig and sheep 
the activity of the adenosine and inosine producing enzymes S'-nu-
cleotldase, AMP deaminase and SAH hydrolase and the kinetic proper­
ties of the deaminase and kinase enzymes with adenosine and deoxy­
adenoslne as substrates. 
5.2. Materials and methods 
Ficoll (MW 400 kD) was obtained from Pharmacia and Isopaque 
from Nyegaard & Co., Oslo, Norway. A Fi coll-Isopaque solution was 
prepared as described previously (370). {8-1*C}Adenosine, (и-'^С)-
adenosine, {8- 1 ''Cjinosine, (8-l "CJadenosine monophosphate, {S-^C}-
inosine monophosphate and {U-1 l'C}uridine monophosphate were obtained 
from the Radiochemical Centre, Amersham. Aquasol and {8-'"CJdeoxya-
denoslne were from the New England Nuclear Corporation, Boston, USA 
and plastic sheets coated with 0.1 mm PEI-cellulose from Merck. EHNA 
was a gift from Burroughs Wellcome Co., Research Triangle Park, NC, 
USA. 
5.2.2. Animals 
Blood samples were taken in heparinized bottles from healthy 
human volunteers and adult animals. The following species were used: 
man (Homo sapiens), horse (Equus caballus), pig (Sus scro fa), Texel 
sheep (Ovis arles), goat (Capra hircus ), cattle ( Bos taurus), Rhesus 
monkey (Macaca famillaris), white New Zealand rabbit (Oryctolaqus 
cunl cuius ), Wistar rat (Ra ttus norveqlcus ) and Beagle dog (Canis fa­
millaris ). Blood samples from pig and cattle were obtained from the 
local slaughterhouse, equine, ovine and caprine blood from some lo­
cal farmers. 
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5 . 2 . 3 . Pregaration of c e l l susgenslons i lésâtes and extracts 
Hemolysates were prepared from erythrocytes washed twice with 
50 πΜ Trls-HCl (pH 7 . Ό containing 100 mM NaCl ( i s o t o n i c Trls-buf f e r ) . 
Cel ls were lysed by addit ion of a 3 - f o l d volume of 10 mM Trls-HCl 
buffer (pH 7 . 4 ) . For enzyme assays the hemolysates were d i l u t e d with 
50 mM Trls-HCl buffer (pH 7 . Ό containing 1 mM EDTA. 
Lymphocytes were i s o l a t e d by Flcoll-Isopaque c e n t r i f u g a t i o n (Э ) . 
Human, equine and monkey blood were centrifuged at 360 g; r a t , rab­
b i t and canine blood at 450 g and porcine, bovine, ovine and caprine 
blood at 700 g at 180C f o r 30 min. The c e l l s were washed twice with 
is o toni c T r i s buffer and counted in a hemocytometer. For enzyme as­
says on i n t a c t c e l l s a suspension in isotonic T r i s buffer was used 
a f t e r adjustment to the appropriate c e l l concentra"tion. For c e l l ex­
t r a c t s the c e l l s were c e n t r i f u g e d , suspended in 50 mM Tris-HCl, con­
t a i n i n g 1 mM EDTA (pH 7.4) and lysed by sonication (Branson s o n i f i e r 
B12, 8 bursts of 5 sec a t maximal o u t p u t ) . For nucleoside kinase as­
says the l y s a t e was centrifuged at 7000 g for 15 min at 4 C. 
5 . 2 . 4 . Enzyme assays 
A l l enzyme a c t i v i t i e s were measured by radiochemical methods 
at 37 С in a shaking water-bath. Enzyme a c t i v i t i e s are expressed as 
nmols of product formed per hr per 1 0 е c e l l s and for erythrocytes 
as nmols of product formed per hr per mg p r o t e i n . L i n e a r i t y of the 
reactions with respect to time and amount of protein was ascertained. 
A l l reactions were terminated by heating for 2-5 min a t 95 С in an 
Eppendorf heater. Excess c a r r i e r was added and, unless otherwise 
i n d i c a t e d , products and substrate were separated on PEI-cel lulose 
t h i n - l a y e r s with d i s t i l l e d water. Al l nucleotides remained on the 
s t a r t p o s i t i o n ; nucleosides and bases were l o c a l i z e d under u.v. 
The spots were cut out and eluted with 1.0 ral 0 . 1 M HCl/0.2 M KCl 
f o r 45 min. R a d i o a c t i v i t y in eluates was always determined a f t e r 
addit ion of 10 ml Aquasol. 
Protein content was determined according to Lowry et a l . (212) 
with bovine serum albumin as standard. 
5 . 2 . 5 . ADA assay 
The usual reaction mixture (60 g l ) contained 50 mM Trls-HCl 
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b u f f e r (pH 7 . 4 ) , 1 πιΜ EDTA, and hemolysate p r o t e i n (60-3000 uy) o r 
an amount o f lymphocyte l y s a t e e q u i v a l e n t to 2 - 30 χ 10 * c e l l s . Reac­
t i o n was s t a r t e d by a d d i t i o n o f { 8 - ' *C}adenosine (58 mCi/mnol, 0.13 
mM f i n a l c o n c e n t r a t i o n , except o t h e r w i s e g i v e n ) . Reaction was t e r m i ­
nated a f t e r 10-30 min and as c a r r i e r s adenosine, i n o s i n e and hypo-
x a n t h i n e were added. Separat ion was achieved by h i g h - v o l t a g e paper-
e l e c t r o p h o r e s i s i n a c e t i c a c i d / f o r m i c a c i d / w a t e r (17/17/1000, by vol, 
pH 2.1) f o r 30 лііп a t 40 V/cm. Spots were e l u t e d w i t h 5 ml of 0.1 
M NaOH f o r 45 m i n . 
The r e a c t i o n m i x t u r e (50 u l ) conta ined 30 mM Tr is-HCl (pH 7 . 4 ) , 
1 mM EDTA, 80 mM phosphate (pH 7 . 4 ) , 0.34 mM { 8 - 1 "CJinosine ( 7 . 3 
mCi/mmol) and 10-2500 vig hemolysate p r o t e i n or an amount o f lympho­
c y t e l y s a t e e q u i v a l e n t to 3 - 2 5 x 1 0 " c e l l s . A f t e r 10 min the r e a c t i o n 
was t e r m i n a t e d and i n o s i n e and hypoxanthine were added as c a r r i e r s . 
Q u a n t i t a t i o n o f s u b s t r a t e and product was achieved as descr ibed 
under Enzyme assays. 
5 . 2 . 7 . 5 ' - n u c l e o t l d a s e and AMP deaminase assays 
With UMP as a s u b s t r a t e the r e a c t i o n m i x t u r e (60 μΐ ) conta ined 
33 mM Tr is-HCl (pH 7 . 4 ) , 0 . 7 mM EDTA, lymphocyte l y s a t e ( e q u i v a l e n t 
to 1 6 - 2 5 x l 0 5 c e l l s ) and 2 mM {U-^OUMP (0.225 mCi/mmol). With 
{ в - ^ О і М Р (2.0 mM, 1.5 mCi/mmol) as a s u b s t r a t e 8.3 mM MgCl2 was 
p r e s e n t . The a c t i v i t y w i t h AMP as a s u b s t r a t e was measured at 0.12 
mM { S - ^ O A H P (61 mCi/mmol) or a t 2.0 mM {S-^CJAMP ( 1 . 5 mCi/mmol), 
i n the presence o f 4.2 mM МдСІг· Dephosphory lat ion of n u c l e o t i d e s 
by a s p e c i f i c phosphatases was i n h i b i t e d by 15 mM g l y c e r o l 2-P, when 
i n d i c a t e d . A f t e r 30-90 min the r e a c t i o n was t e r m i n a t e d and c a r r i e r s 
were added (AMP, IMP, ADP, ATP, adenosine, i n o s i n e and hypoxanthine 
f o r p u r i n e 5 ' - n u c l e o t i d a s e and UMP, u r i d i n e and u r a c i l f o r p y r i m i -
dine 5 ' - n u c l e o t i dase a s s a y ) . For the 5 ' - n u c l e o t i d a s e assays w i t h 
UMP, IMP and 0.12 mM AMP as s u b s t r a t e s q u a n t i t a t i o n of s u b s t r a t e s 
and products was achieved as descr ibed above. 
Since i n the I n c u b a t i o n m i x t u r e w i t h 2.0 mM AMP the a c t i v i t y 
o f AMP deaminase was a lso assayed IMP had to be separated from AMP. 
The method descr ibed by Reibel & Rovetto (300) was m o d i f i e d . F i r s t 
the P E I - c e l l u l o s e t h i n - l a y e r was developed w i t h a m i x t u r e o f b u t a n o l / 
methanol/water ( 1 / 1 / 8 , by v o l . ) and d r i e d . The adenosine spots were 
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l o c a l i z e d under u.v. The sheet was developed t h e r e a f t e r with 1.4- M 
L1C1 u n t i l the adenosine spot. The nucleotides and nucleosides were 
quantitated as described above. 
The a c t i v t y of ecto-5'-nucleot idase was determined with 0.12 
mH {8-1',C}AHP (61 mCi/mmol) or 0.12 mM {S-^CJIMP (61 mCi/nmol) as 
substrates. Further the mixture contained 33 mM Tris-HCl (pH 7 . 4 ) , 
108 mM NaCl, 4.2 mM MgCl2 and 4 - 2 0 x l 0 5 c e l l s . After 30-60 min i n ­
cubation in a vigorously shaking water-bath the reaction was t e r m i ­
nated by heating for 5 min at 95 0 C. Quantitat ion of substrate and 
products was achieved as described above. In p a r a l l e l incubations 
the reaction was terminated by spinning down the c e l l s at 14 000 g 
for 1 min. The c e l l s were washed with 40 μΐ isot on i c T r i s solution 
containing excess of c a r r i e r s . The p e l l e t was suspended in 70 μΐ of 
a solution containing 1.1 M formic acid and c a r r i e r s . Substrate and 
products were quantitated as described under Enzyme assays. 
5.2.Θ. Nucleoside kinase assays 
The standard incubation mixture (Θ0 μΐ) contained 30 mM T r i s -
HCl buffer (pH 7.4), 0.625 mM EDTA, 2.5 mM ATP, 1.1 mM MgCl2, 62.5 
gM EHNA, a volume of 7000 g supernatant equivalent to 2 0 - 3 5 x l 0 5 
c e l l s and 50 uM { 8 - 1 ''Cladenosine (58 mCi/mmol). To increase sensi­
t i v i t y and to avoid excessive consumption of the substrate we used 
an amount of supernatant equivalent to 10 - 25 χ IO 3 c e l l s and varying 
concentrations of { U - 1 l,C}adenosine (559 mCi/mmol)for the determina­
t i o n of the Km value for adenosine. For assay of the Km for deoxy-
adenosine a supernatant volume equivalent to 20 - 3 5 χ 1 0 s c e l l s and 
{ Θ - 1 *C) deoxyadenoslne at varying s p e c i f i c a c t i v i t i e s were used. 
A f t e r incubation for 10-30 min (with adenosine) or 60-90 min (with 
deoxyadenoslne) the reaction was terminated by heating and addit ion 
of excess AMP, adenosine and inosine or t h e i r deoxy-compounds. Quan­
t i t a t i o n of substrates and products was achieved as described under 
Enzyme assays. 
5 . 2 . 9 . SAH !]¥drolase_assay 
The reaction mixture (55 y l ) contained 25 mM Tris-HCl (pH 7 . 4 ) , 
0.45 mM EDTA, 91 μΜ EHNA, 8.2 raM DL-homocysteine, and hemolysate 
protein (800-1000 yg) or an amount of lymphocyte lysate equivalent 
to 10 - 18 χ 1 0 s c e l l s . Reaction was s t a r t e d by addit ion of { 8 - l * C } -
adenoslne (58 mCi/mmol, 0.15 mM f i n a l concentration) or { 8 - I * C ) -
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deoxyadenosine (8.2 mCl/mmol, 0.23 mH final concentration). After 
10 min the reaction was terminated by heating and addition of carrier 
adenosine, inosine, SAH, SAM and AMP. Quantitation of substrate and 
products was achieved as described under Enzyme assays. 
5.3. Results 
I n ADA assays the main p r o d u c t s were i n o s i n e and d e o x y i n o s i n e . 
When a c o n s i d e r a b l e PNP a c t i v i t y was present hypoxanthine was a l s o 
formed. A d d i t i o n o f EDTA and the absence o f ATP prevented f o r m a t i o n 
n m o l e s / h per 10 6 cel ls 
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of AMP. Data f o r ADA and PNP i n man, horse and c a t t l e were p rev ious -
l y repor ted (368) , but are inc luded f o r comparison^with those o f 
o ther species and because more values were o b t a i n e d . ADA a c t i v i t i e s 
i n lymphocytes and e r y t h r o c y t e s are shown i n F i g s . 5.2 and 5 .3 , res -
p e c t i v e l y , and PNP a c t i v i t i e s i n F i g s . 5 . * and 5 .5 , r e s p e c t i v e l y . 
ADA a c t i v i t i e s i n the lymphocytes o f seven species are comparable 
to t h a t o f human lymphocytes, but the a c t i v i t i e s i n lymphocytes o f 
horse and p i g are very l ow . PNP a c t i v i t y i s r e l a t i v e l y low i n lym-
phocytes of sheep and goat , h igh i n human lymphocytes and i n t e r m e d i -
ate i n those of seven o ther manraalian spec ies . 
The a c t i v i t i e s of ADA and PNP i n hemolysates o f the var ious 
nmotes /h per 106cetis 
ÄOO-I Fig. 5.4. Activity of 
PNP in ly-
sates of mammalian 
lymphocytes. Enzyme 
activities (in nmol/ 
hr per 106 cells) are 
means ± SD for the num-
ber on individuals 
indicated by n. 
m a n horse pig aheep goat catt lemonbeydog rat rabbit 
nmote»/h per mg protein 
2000 
Fig. 5.5. Activity of PNP 
mammalian hemo-
lysates. Enzyme activities 
(in nmol/hr per mg protein) 
are means ± SD for the num-
ber of individuals indica-
ted by n. 
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mammals show large variations and do not always correlate with those 
in lymphocytes of the same species. In horse both in erythrocytes 
and lymphocytes activity of ADA is low. Activities of ADA are rela­
tively low in hemolysates of sheep, goat and cattle, in contrast to 
in their lymphocytes. In hemolysates of man and pig the activities 
of ADA are comparable, in contrast to the activities in their lympho­
cytes. Activities of PNP are low in erythrocytes of cattle and horse, 
in contrast to in their lymphocytes. On the other hand, PNP activity 
is considerable in ovine and caprine hemolysates, in contrast to in 
their lymphocytes. 
We also measured ADA activity with deoxyadenosine as a substrate 
and determined the Km values with a Lineweaver-Burke plot for adeno­
sine and deoxyadenosine in the lymphocytes of man, horse and pig 
(Table 5.1). In the same species ADA activity is similar with adeno­
sine and deoxyadenosine. Km values for adenosine and deoxyadenosine 
are equal in lymphocytes of the same species. In equine lymphocytes, 
however, the affinity of adenosine and deoxyadenosine is higher than 
in those of man and pig. 
Table 5.1. Km values and activities of ADA with adenosine and deoxy­
adenosine as substrates in lysates of mammalian lympho­
cytes 
Species Activity Km 
Adenosine Deoxyadenosine Adenosine Deoxyadenosine 
Man 79 ±36 (7) Θ2 ±29 (4) 32.9+8.8 ft) 25.1 ±4.2 (4) 
Horse 5.1± 2.0 (8) 6.8± 2.3 (6) 9.7±3.7 (4) 10.4 + 4.3 (4) 
Pig 9.9 ± 3.4 00) 14.1± 3.6 (4) 37.0±6.2 (3) 28.7±4.4 (4) 
Activities (in nmol/hr per 10' cells) and Km values (in μΜ) are means 
± SD for the number of individuals given in parentheses. 
5.3.2. 5 '-nucleotldases 
Adenosine formation from AMP can be catalyzed by S'-nucleoti-
dases and aspecific phosphatases. To determine the 5 ' -nucleotidase 
activity we added glycerol 2-P to inhibit aspecific dephosphoryla-
tion (200). Dephosphorylation was studied in whole lysates of lym­
phocytes at 2 mM AMP, IMP and UMP to determine substrate specifici­
ty. AMP was also used at 0.12 mM to compare the total cellular acti-
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Table 5.2. Activity of 5 '-nucleo ti dase with different substrates in 
the presence and absence of glycerol 2-P (G 2-P) in ly-
sates of mammalian lymphocytes 
Species Addition AMP IMP UMP 
of 
G 2-P 0.12 mM 2 mM 2 mM 2 mM 
Man - 52 ± 7Э (9 ) 1612 ± 5.7 (6) 1&9 ± <ιΛ (6 ) ÄD ± LB (7) 
+ 7 ± 15 ( ) l i 5 ± V l · (é) 17.5 ± i l (5) 18 ± 09 (4) 
9* i 8 (8 ) 87 ± 1 6 (6) 92 i l l (5) 70 ± 1 7 (4 ) 
Horse - L2 ± 0.7 ttl) Ш ± 2¿ (ί) ω ± 2A (6 ) 3L9±L2 (5 ) 
+ 02 ± OLI ttl) 2Χ)±α9 (Ô L e ± 0 J (W) Lé ± U7 (*) 
18 + 9 αθ) 43 ± 1 5 (6) 56 ± 2 2 Cf) 42 ± 1 6 ( 4 ) 
P ig - U5 ± 02 (9) 2Α ± 1-7 (6) 56 ± 18* ttl) 2J> ± L3 (13) 
+ 0 2 + 0 1 (7 ) ΙΑ ± 07 (6) 10 + 10 (7 ) ΙΑ ± LI ( 6 ) 
63 + 1 7 (7 ) 60 ± 1 1 (6) 92 ± 3 3 (7 ) 50 ± 1 8 (6 ) 
Sheep - 10 ± L7 (6 ) 6L3 ± L7 (7) 8L8 + 2.5 (6 ) 12 ± 09 ( 5 ) 
+ L 8 ± 0 8 (5) 6.7 ± L3 (7) 7J ± L5 (4 ) L5 ± U5 ( 4 ) 
73 ± 1 7 (5) 82 ± 1 1 (7) 89 + 2 1 ( 4 ) 45 ± 1 2 (Α) 
A c t i v i t i e s ( i n nmol/hr per 1 0 ' c e l l s ) are means ± SD for the number 
of i n d i v i d u a l s i n d i c a t e d in p a r e n t h e s e s . The e f f e c t of g l y c e r o l 
2-P (15 mM) i s given in X as the mean+ SO of r e l a t i v e a c t i v i t y in 
the absence of g l y c e r o l 2 - P . 
v l t y a t t h i s c o n c e n t r a t i o n with t h a t of membrane-associated V - n u -
c l e o t i d a s e , which was measured on I n t a c t l ymphocytes . This low con­
c e n t r a t i o n was used because of the high a f f i n i t y of the ecto-enzyme 
for AMP ( 1 1 5 ) . 
Dephosphory lat ion of IMP and AMP needed the p r e s e n c e of МдСІг 
(data not shown). 5 ' - N u c l e o t i d a s e a c t i v i t y was always h igher a t 2 
mM than a t 0 . 1 2 mM AMP and In the same order of magnitude for IMP 
(Table 5 . 2 ) . UMP was a poorer s u b s t r a t e in l y s a t e s of a l l s p e c i e s 
e x c e p t h o r s e . A c t i v i t y of purine 5 ' - n u c l e o t i d a s e was h i g h e s t in 
human lymphocytes and markedly lower in equine and porc ine lympho­
c y t e s . Omission of g l y c e r o l 2-P did not markedly change t h i s p a t t e r n . 
In man o m i s s i o n of g l y c e r o l 2-P did not i n f l u e n c e dephosphory la t ion 
of both purine n u c l e o t i d e s . Dephosphory lat ion r a t e s of a l l pur ine 
n u c l e o t i d e s In equine lymphocytes and t h a t of AMP in porc ine lympho­
c y t e s were markedly h igher in the absence of g l y c e r o l 2-P. In the 
animal s p e c i e s the c o n t r i b u t i o n of a s p e c i f i c phosphatases in dephos-
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p h o r y l a t i o n of UMP was r e l a t i v e l y h i g h . 
No d i f f e r e n c e was found In the dephosphory la t ion r a t e s by i n -
t a c t lymphocytes a f t e r t e r m i n a t i o n o f the r e a c t i o n by h e a t i n g or 
s p i n n i n g down the c e l l s . When we had confirmed t h i s for each s p e c i e s 
the h e a t i n g procedure was used in a l l f u r t h e r a s s a y s . The method 
wi th c e n t r i fuga t i o n did not g ive in format ion on a p o s s i b l e t r a n s p o r t 
f u n c t i o n o f an e c t o - 5 ' - n u c l e o t i d a s e , because the c e l l s were thorough-
l y washed and a low s p e c i f i c a c t i v i t y was u s e d . Cel l v i a b i l i t y t e s -
ted a t the end o f i n c u b a t i o n by trypan blue e x c l u s i o n was more than 
95/S in a l l s p e c i e s . Dephosphorylat ion r a t e of AMP was h igher with 
i n t a c t human lymphocytes than with equine and p o r c i n e lymphocytes 
(Table 5 . 3 ) , as was a l s o found with l y s a t e s (Table 5 . 2 ) . Moreover 
the dephosphory la t ion r a t e with i n t a c t lymphocytes of horse and pig 
was ( f o r 71 and 4-9%, r e s p e c t i v e l y , means of * exper iments ) due to 
an a s p e c i f i c e c t o p h o s p h a t a s e a c t i v i t y , as was found by a d d i t i o n of 
15 mM g l y c e r o l 2-P to the i n c u b a t i o n m i x t u r e . With i n t a c t human lym-
phocy te s g l y c e r o l 2-P had no e f f e c t . With i n t a c t human lymphocytes 
of the same i n d i v i d u a l AMP was a b e t t e r s u b s t r a t e than IMP. The ra -
t i o of the a c t i v i t i e s was 1 .56 +_ 0 . 1 1 (mean ¿ SD of 3 d e t e r m i n a t i o n s ) . 
At equimolar c o n c e n t r a t i o n s ( 0 . 1 2 mM) AMP dephosphory la t ion was i n -
h i b i t e d by IMP with 29 +_ 15« (mean + SD of 3 e x p e r i m e n t s ) . 
Table 5 . 3 . Dephosphorylat ion r a t e s of AMP and IMP with i n t a c t mamma-
l i a n lymphocytes 




6 . 0 * ± 2 . 7 3 (7) 
0 . 4 * ± 0 . 2 2 (5 ) 
0 . 1 9 ± 0 . 1 5 (Θ) 
5.49 ± 1.91 ( 3 ) 
N.D. 
N.D. 
A c i t v i t i e s ( i n nmol/hr per 1 0 ' c e l l s ) are means±SD for the number 
of I n d i v i d u a l s i n d i c a t e d in p a r e n t h e s e s . Concentrat ion of n u c l e o t i ­
des was 0 . 1 2 mM. N.D., not determined. 
5 . 3 . 3 . AMP deaminase 
AMP can a l s o be degraded by deaminat ion. We measured the a c t i ­
v i t y of AMP deaminase s i m u l t a n e o u s l y with dephosphory la t ion of AMP 
a t a c o n c e n t r a t i o n of 2 mM, a l though t h i s c o n c e n t r a t i o n i s s u b o p t i ­
mal for deaminat ion. Total s u b s t r a t e consumption for the two r e a c ­
t i o n s did not exceed 1056 of the I n i t i a l c o n c e n t r a t i o n . Addit ion of 
73 
glycerol 2-P did not Influence deaminatlon. To ascertain that the 
product Inoslne was only formed via dephosphorylatlon and subse­
quently deaminatlon of adenosine In some assays 80 μΜ EHNA, an inhi­
bitor of ADA was added to the incubation mixture. An amount of 
radioactivity equal to that 
Table 5.4. Activity of AMP deaminase at the inosine spot in the 
in lysates of mammalian , . .. , . « ч. .. 
ι ..m»b„-.,+-,. incubation mixture without 
lymphocytes 
EHNA, was now found additio-
Specles Activity n a l l y a t t h e a d e n ° s i " e s P o t · 
The amount of radioactivity 
u 11 5 + 6 5 found at the IMP spot was 
u 0 9 + 0 7 sometimes lower in the pre-
p. 11 β + 3 4 sence of EHNA, which may be 
c h 1 1 ± 0 9 caused by inhibition of AMP 
deaminase (136). Therefore 
. ... , ., ,._ , ,. ___
 ] η β _ii.\ EHNA was omitted from the 
Activities (in nmol/hr per 10 cells) 
are means± SD for 4-5 individuals. standard assay. Since ino-
Concentratlon of AMP was 2 mM. , , . . . 
sine was only formed by de­
phosphorylatlon followed by 
deaminatlon of adenosine, the activity of AMP deaminase could be cal­
culated from the amount of IMP formed. The activity of AMP deaminase 
was considerable in human and porcine lymphocytes, but low in equine 
and ovine lymphocytes (Table 5.4). 
5.3.4. Nucleoside kinase(s) 
Adenosine and deoxyadenosine formed from AMP and dAMP, respec­
tively can either be deaminated by ADA or phosphorylated by a kina­
se. The optimal concentrations of ATP and MgCl 2 for the latter re­
action are disputed (7, 56, 233). Therefore we first determined these 
concentrations for our assay. A combination of 2.5 mM ATP and 0.5 mM 
MgClj gave the highest activity. MgClj concentration is corrected 
for the presence of EDTA. EHNA was added to prevent deaminatlon of 
adenosine and deoxyadenosine. To ascertain that EHNA had no effect 
on kinase act!vity 11 was omitted in some assays with equine lympho­
cytes. No difference was found. Kinase activities with adenosine as 
a substrate (Table 5.5) represent values determined at a concentra­
tion of 50 μΜ adenosine with a high protein concentration and Vmax 
values obtained in kinetic studies with low protein concentrations 
and calculated from Lineweaver-Burke plots. The activities of adeno­
sine kinase were comparable in extracts from lymphocytes of man, pig, 
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Table 5 . 5 . A c t i v i t i e s and Km values of nucleoside kinase(s) for 
adenosine and deoxyadenosine in e x t r a c t s of mammalian 
lymphocytes 
Species A c t i v i t y Km 
Adenosine Deoxyadenosine Adenosine Deoxyadenosine 
Man 1.50 + 0.99 (3) 0 . 2 6 + 0 .15 0) 
Horse 1.80 ± 0 . 2 2 «9) 0 . 5 < > ± 0 . 1 9 (4) 
P i g 0 . 7 2 ± 0 . 3 0 (6) 0 . 2 0 + 0 . 1 4 (Θ) 
Sheep 1.17 ± 0 . 4 7 (5) N.D. 
3 . 4 4 ± 0.Θ5 (4) 76 ± 22 (5) 
0 . 9 4 1 0 . 3 0 0) 490 ± 105 (4) 
0 . 8 0 ± 0 . 1 2 0) 504 ± 156 (Θ) 
N . D . N . D . 
A c t i v i t i e s ( i n nmol/hr per 1 0 6 c e l l s ) and Km values ( i n uM) are 
means± SD for the number of i n d i v i d u a l s given in parentheses. 
horse and sheep. A c t i v i t y with deoxyadenosine ( a l l calculated as 
Vmax values) was lower i n the same species. With small amounts of 
lymphocyte e x t r a c t s (equivalent to 1 0 - 2 5 x l 0 3 c e l l s per assay) 
substrate i n h i b i t i o n was observed above 5 μΗ adenosine. With large 
amounts of lymphocyte e x t r a c t s (equivalent to 20 - 35 χ I O 5 c e l l s per 
assay) t h i s substrate i n h i b i t i o n was not observed u n t i l 100 μΜ. De­
oxyadenosine did not show substrate i n h i b i t i o n . Km values for adeno­
sine were markedly lower than values for deoxyadenosine. In human 
lymphocytes the Km value f o r adenosine «as higher than in equine and 
porcine lymphocytes, while the Km f o r deoxyadenosine was lower. 
Adenosine i s general ly assumed to be phosphorylated by adeno­
sine kinase ( 1 0 9 ) . Phosphorylation of deoxyadenosine may be c a t a l y ­
zed by more enzymes including adenosine kinase ( 7 , 49, 2 3 4 ) . There-
Table 5.6. Influence of adenosine and deoxycytidine on deoxyadeno­
sine phosphorylating a c t i v i t y in mammalian lymphocytes. 





9 7 ± 1 2 
5 5 + 6 
7 9 ± 6 
3 1 + 9 
8 7 ± 3 
6 1 + 8 
Compounds were added at equimolar concentrations (67 μΜ) of deoxy­
adenosine. Values ( i n % of the a c t i v i t y without a d d i t i o n ) are means 
+ SD of 3 experiments. 
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f o r e we d e t e r m i n e d t h e i n f u e n c e of a d e n o s i n e and d e o x y c y t i d i n e on 
t h e p h o s p h o r y l a t i o n of d e o x y a d e n o s i n e (Tab l e 5 . 6 1 . In e x t r a c t s of 
human l y m p h o c y t e s a d e n o s i n e had no i n f l u e n c e w h i l e d e o x y c y t i d i n e 
c o n s i d e r a b l y i n h i b i t e d t h e p h o s p h o r y l a t i o n of d e o x y a d e n o s i n e . With 
e q u i n e and p o r c i n e l y m p h o c y t e s d e o x y c y t i d i n e had a s m a l l e r e f f e c t 
bu t a d e n o s i n e i n h i b i t e d m a r k e d l y . 
5 . 3 . 5 . SAH h y d r o l a s e 
Another enzyme t h a t can m e t a b o l i z e a d e n o s i n e I s SAH h y d r o l a s e . 
Opt imal s u b s t r a t e c o n c e n t r a t i o n s were d e t e r m i n e d f o r a d e n o s i n e and 
h o m o c y s t e i n e . A c t i v i t y i n human h e m o l y s a t e was 3 .2 ± 0 . 5 n m o l / h r per 
mg p r o t e i n (mean ± SD of 3 
Tab le 5 . 7 . A c t i v i t y of SAH h y d r o l a s e e x p e r i m e n t s ) . With a d e n o -
in l y s a t e s of mammalian . . ^ 
, £ ._„ .*« . s i n e a s a s u b s t r a t e a c t i -l y m p h o c y t e s 
v i t y i n l y s a t e s of human 
S p e c i e s A c t i v i t y l y m p h o c y t e s was lower than 
i n t h o s e of h o r s e and p i g 
Man 1.6 ± 1.2 (8 ) ( T a b l e 5 · 7 > · W l t h аео*У-
Horse 2 . 4 ± 1.3 ( 9 ) a d e n o s i n e no a c t i v i t y was 
p . 2 4 + 1 1 (Θ) d e t e c t a b l e i n l y m p h o c y t e 
l y s a t e . D e o x y a d e n o s i n e 
i n h i b i t e d , however , h y d r o -
A c t i v i t i e s ( i n n m o l / h r p e r 1 0 6 c e l l s ) , ... , ._ . „ , ^ 
a r e means ± SD f o r t h e number of e x p e - l a S e а с " і 1 у i f i t was 
e x p e r i m e n t s g iven w i t h i n p a r e n t h e s e s . added t o t h e i n c u b a t i o n 
m i x t u r e 15 min b e f o r e a d ­
d i t i o n of a d e n o s i n e ( T a b l e 5 . 8 ) . When d e o x y a d e n o s i n e and a d e n o s i n e 
were added s i m u l t a n e o u s l y no e f f e c t of d e o x y a d e n o s i n e was o b s e r v e d . 
5 . 4 . D i s c u s s i o n 
A c t i v i t i e s of ADA and PNP In human l y m p h o c y t e s and e r y t h r o c y t e s 
a r e c o m p a r a b l e t o v a l u e s r e p o r t e d by o t h e r a u t h o r s ( 1 5 5 , 2 6 1 , 4 0 0 ) . 
With a h i s t o c h e m i c a l a s s a y B o r g e r s & Thone ( 3 4 ) found h i g h PNP a c t i ­
v i t i e s In l y m p h o c y t e s of man, r a b b i t and dog, m o d e r a t e a c t i v i t y i n 
t h o s e of r a t and a low a c t i v i t y i n t h o s e of p i g . ADA a c t i v i t i e s , 
m e a s u r e d by McGuire e t a l . (229) i n l y m p h o c y t e s of normal h o r s e s 
and of f o a l s w i t h SCID, d i d n o t d i f f e r and were s i m i l a r t o o u r v a l u e . 
No more c o m p a r a t i v e d a t a on ADA and PNP a c t i v i t i e s i n mammalian lym­
p h o c y t e s were f o u n d . 
No s i g n i f i c a n t ADA a c t i v i t y was o b s e r v e d i n e q u i n e h e m o l y s a t e 
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Table 5.8. Effect of deoxyadenosine on the activity of SAH hydrolase 
in lysates of lymphocytes of man, horse and pig 
Species Relative activity in the presence of 
deoxyadenosine 
during incubation during preincubation 
and incubation 
Man 9i» ± * 57 ± 8 
Horse 95 ± 7 16 ± 2 
Pig 103 ± 1 51 ± 6 
Concentration of deoxyadenosine was 167 μΜ. After 15 min preincuba­
tion, Incubation was started by addition of 150 цМ adenosine. Values 
(in % of the activity without deoxyadenosine) are means ± SD of 3 
experiments. 
by HcGulre et al. (229) in contrast to Castles et al. (50), who also 
reported a higher PNP activity. The high adenosine disappearance rate 
for erythrocytes of man and pig and the low for those of cow, sheep 
and goat reported by Van Belle (396) correlate with the large varia­
tion in ADA activity. Duhm (90) observed a similar order for the PNP 
activity in hemolysates of man>pi g>sheep>beef, but did not report 
values for goat and horse. The high ADA and PNP activities of por­
cine red blood cells may relate to their use of inosine as energy 
source (k07). 
ADA activities in equine and porcine lymphocytes are compara­
ble to the activity found in those of patients with SCID associated 
with ADA deficiency (155, 261). Furthermore PNP activities in ovine 
and caprine lymphocytes approximate the values in patients with PNP 
deficiency (315, 332). Therefore equine and porcine lymphocytes and 
ovine and caprine lymphocytes could provide useful model systems to 
elucidate the indispensable role of ADA and PNP, respectively, in 
human lymphocytes. Our simultaneous measurements of ADA and PNP ac­
tivities in lymphocytes and erythrocytes of the same species show 
that the activities of ADA and PNP in hemolysates do not correlate 
in most mammals with the activity in lymphocytes. In man there is 
a correlation in ADA and PNP activities between lymphocytes and 
erythrocytes, but still an ADA deficiency in erythrocytes is not al­
ways coupled with absence of lymphocyte ADA activity and SCID (155). 
Km values of adenosine for ADA in the lymphocytes of man, horse 
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and pig are in the range reported for erythrocytes (2, 233), rat 
liver (1Θ2), lymphoid cell lines (155) and various tissues of seve­
ral species (S). Deoxyadenosine degradation was as rapid as that of 
adenosine as was earlier found in lymphoid cells (155) and for vari­
ous tissues of six mammals (39). Equine lymphocytes appear to be a-
ble to degrade more efficiently adenosine and deoxyadenosine than 
those of pig, because of the relatively low Km values for ADA. 
Activities of 5'-nucleotidase assayed in lysates of human lym­
phocytes at 0.2 mM AMP (92, 93) were similar to our values. Also the 
ecto-5'-nucleotidase activities measured with either AMP or IMP (66, 
93, 95, 373, 411) are comparable with our results. No data are avai­
lable on 5'-nucleotidase activities in the peripfieral lymphocytes 
of horse, pig and sheep. A glycerol 2-P inhibitable activity of a-
specific ecto-phosphatase is present on equine and porcine lympho­
cytes, as was earlier found for rat lymphocytes (247). By the low 
activity of 5'-nucleotidase in and on equine and porcine lymphocytes 
little adenosine and deoxyadenosine will be formed, which may pre­
vent accumulation of these nucleosides. 
The other breakdown route of AMP via IMP and inosine is also 
not important in lymphocytes of horse, pig and sheep, because in 
their lymphocytes one of the enzymes necessary for this pathway 
has a very low activity. This route will also not be important in 
human lymphocytes, since the Km value of AMP is much lower for 5'-
nucleotidase (93) than for AMP deaminase (397). 
Activity of AK in human lymphocytes is lower than the value 
reported by Snyder et al. (343) and can not be compared with the 
value of Carson et al. (46) who measured activity in undefined ex­
tracts. The latter authors found a comparable ratio of the phospho­
rylation rates af adenosine and deoxyadenosine. No data are availa­
ble on the activities of kinases in lymphocytes of the other species. 
The Km values of adenosine for AK in the mammalian lymphocytes are 
•well comparable to the values reported for rat liver (1Θ2), rabbit 
liver (234), human hemolysate (233), L1210 cells (56) and for seve­
ral tissues of various species (Θ). Apparent Km values of deoxyade­
nosine for phosphorylation by extracts from different sources (109, 
205) are similar to those observed by us In extracts of equine and 
porcine lymphocytes, but higher than that in human lymphocytes. We 
established the results of Carson et al. (49) that phosphorylation 
of deoxyadenosine In human lymphocyte extracts was inhibited by de-
oxycytidine and not by adenosine. AK will not play an important role 
In the phosphorylation of deoxyadenosine, but a deoxycytidine kinase 
7Θ 
and p o s s i b l y a deoxyadenosine k inase w i l l do (Ь9, 2 0 5 ) . In c o n t r a s t , 
I n equine and p o r c i n e lymphocytes AK appears also to phosphory late 
deoxyadenosine l i k e i n murine lymphocytes ( 4 9 ) . 
The a c t i v i t y of SAH hydrolase i n human hemolysate was s i m i l a r 
to the value r e p o r t e d by H e r s h f i e l d e t a l . ( 1 4 4 ) . No data are a v a i ­
l a b l e on a c t i v i t i e s i n lymphocytes of the three s p e c i e s . The i n h i ­
b i t i o n of SAH hydrolase by deoxyadenosine was t ime-dependent and not 
r e v e r s i b l e , as was p r e v i o u s l y found i n human lymphoblasts and e r y t h ­
r o c y t e s (144, 2 0 2 ) . Because deoxyadenosine i s not converted to deoxy-
adenosyl-homocysteine, as was also found by Zimmerman a t a l . (432) 
f o r murine lymphocytes, i t w i l l i r r e v e r s i b l y be bound to the enzyme, 
r e s u l t i n g i n an accumulat ion o f SAH. In the presence of h igh concen­
t r a t i o n s of adenosine t h i s accumulat ion w i l l a lso o c c u r . The accumu­
l a t e d SAH I n h i b i t s i n both cases m e t h y l a t i o n r e a c t i o n s i n which SAM 
i s I n v o l v e d . 
The observed d i f f e r e n c e s In adenosine and deoxyadenosine meta­
bol ism between human blood c e l l s on one hand and p o r c i n e and equine 
blood cells on the o t h e r hand may e x p l a i n why lymphocytes o f horse 
and p i g show a normal immune f u n c t i o n d e s p i t e a low ADA a c t i v i t y . 
Low amounts of adenosine and deoxyadenosine may be formed i n equine 
and p o r c i n e lymphocytes, because of the low 5 ' - n u c l e o t i dase a c t i v i ­
t y . In equine lymphocytes the low ADA a c t i v i t y can be used e f f i c i e n t ­
l y because the enzyme has a r a t h e r h igh a f f i n i t y f o r the s u b s t r a t e . 
Equine lymphocytes are s t i l l more s e n s i t i v e than human lymphocytes 
f o r i n h i b i t i o n of mi togen-induced b l a s t o g e n e s i s by adenosine ( 2 1 1 , 
chapter 7 ) . In the p i g the red blood c e l l s c o n t a i n a r a t h e r h i g h ADA 
a c t i v i t y and may take up n e a r l y a l l adenosine to deaminate i t . The 
same p r i n c i p l e i s used I n therapy w i t h i r r a d i a t e d e r y t h r o c y t e s (2Θ0). 
Since deoxyadenosine shows a h igher Km value f o r phosphory la­
t i o n than f o r deamlnatlon and i t s p h o s p h o r y l a t i o n r a t e i s low, deoxy­
adenosine f l u x w i l l be d i r e c t e d to deoxyinosine I n a l l s p e c i e s . In 
human lymphocytes, however, deoxyadenosine shows a r e l a t i v e l y lower 
Km value f o r p h o s p h o r y l a t i o n . Therefore dAMP w i l l be formed a t lower 
deoxyadenosine c o n c e n t r a t i o n s than i n equine and p o r c i n e lymphocytes. 
Furthermore i n man adenosine does not i n h i b i t deoxyadenosine phospho­
r y l a t i o n i n c o n t r a s t to i n equine and p o r c i n e lymphocytes. This phe­
nomenon may c o n t r i b u t e t o the high deoxyadenosine-nucleot ide concen­
t r a t i o n s In lymphocytes o f p a t i e n t s w i t h ADA d e f i c i e n c y and SCIO 
(Θ5) i n s p i t e of t h e i r h igh adenosine c o n c e n t r a t i o n ( 2 0 6 ) . 
From the observed v a r i a t i o n s i n adenosine and deoxyadenosine 
metabolism between human and equine and p o r c i n e lymphocytes i t i s 
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still not clear by which mechanism ADA deficiency in man can lead 
to SCID. The high concentration of deoxyadenosine nucleotides in 
lymphocytes of patients with ADA deficiency and SCID (85) can inhi­
bit the ribonucleotide reductase activity. Synthesis of PRPP which 
is enhanced in transforming cells can be inhibited by (d )nucleotides 
(11Θ, chapter 3). Such an accumulation does not seem probably in 
lymphocytes of horse and pig despite a low ADA activity, because 
of the observed differences in adenosine and deoxyadenosine meta­
bolism. Evidence is now given that in lymphocytes deoxyadenosine 
may cause inhibition of methylation reactions. 
In spite of the observed differences equine and porcine lympho­
cytes may form good model systems for studying the effect of expo­
sure of lymphocytes with low ADA activity to high concentrations 
of adenosine and deoxyadenosine. Investigation of the mitogen-indu-
ced blastogenesis under these conditions may give more insight in 
the complicated mechanism by which ADA deficiency is related to dis­
turbances of Immune function in man. 
5.5. Summary 
1. Large differences were found In activities and kinetics of ade­
nosine and deoxyadenosine metabolizing enzymes in lymphocytes of man 
and various mammalian species. 2. ADA and PNP activities in eryth­
rocytes do not always correlate with those in lymphocytes of the 
same species. 3. ADA activity was low in equine and porcine lym­
phocytes, PNP activity was low in ovine and caprine lymphocytes. A-
denoslne and deoxyadenosine showed comparable Km values for ADA in 
lymphocytes of man, horse and pig; in equine lymphocytes these va­
lues were lower. 4. Purine 5'-nucleotidase activity was low in ly-
sates of lymphocytes of horse and pig, intermediate In those of sheep 
and high in those of man. The same pattern was found for ecto-5'-nu-
cleotidase. 5. Adenosine was phosphorylated at a higher rate than 
deoxyadenosine in lymphocyte extracts of man, horse and pig. Acti­
vities are comparable In all species. The Km value of adenosine for 
AK is higher but the Km of deoxyadenosine for phosphorylation lower 
in human lymphocytes than in lymphocytes of horse and pig. Deoxycy-
tldine markedly inhibited deoxyadenosine phosphorylation in human 
lymphocytes and to a lower extent in equine and porcine lymphocytes. 
Adenosine considerably inhibited deoxyadenosine phosphorylation in 
lymphocytes of horse and pig, while it han no effect in human lym­
phocytes. 6. Activity of SAH hydrolase, measured in the synthetic 
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direction, was lower in human lymphocytes than in those of pig and 
horse. Deoxyadenosine markedly inhibited enzyme activity only if it 
was preincubated with the enzyme without adenosine. 7. The obser-
ved differences in adenosine and deoxyadenosine metabolism between 
human lymphocytes and those of horse and pig may explain why equine 





STIMULATION BY PHA OF PBL FROM HORSE. PIG. SHEEP AND M A N * 
6 . 1 . I n t r o d u c t i o n 
PHA i s a w i d e l y used m i t o g e n t h a t s t i m u l a t e s t h y m u s - d e r i ved 
l y m p h o c y t e s t o d i v i d e ( 2 1 1 ) . S e v e r a l m e t a b o l i c s t u d i e s have been 
c o n d u c t e d on P H A - s t i m u l a t e d mammalian l y m p h o c y t e s . However, compa­
r i s o n of t h e i r r e s u l t s i s d i f f i c u l t s i n c e v a r i o u s i n c u b a t i o n c o n d i ­
t i o n s ( e . g . d i f f e r e n t media and s e r a ) have been u s e d . In our s t u d i e s 
on t h e e f f e c t s of p u r i n e n u c l e o s i d e s on l y m p h o c y t e f u n c t i o n and me­
t a b o l i s m , we s u g g e s t e d t h a t l y m p h o c y t e s of h o r s e , p i g and s h e e p coul 
be used a s p o s s i b l e model s y s t e m s f o r ADA and PNP d e f i c i e n c y (^ОЗ, 
c h a p t e r 5 ) . T h e r e f o r e we had t o d e v e l o p c o m p a r a b l e s y s t e m s f o r s t i ­
m u l a t i o n of l y m p h o c y t e s from t h e s e s p e c i e s and from man, s i n c e com­
p a r i s o n of r e s u l t s c o u l d be t r o u b l e d by u s i n g d i f f e r e n t i n c u b a t i o n 
c o n d i t i o n s . In t h i s s t u d y we r e p o r t o p t i m a l c u l t i v a t i o n c o n d i t i o n s 
f o r t r a n s f o r m a t i o n of mammalian l y m p h o c y t e s by PHA i n MEMS medium 
s u p p l e m e n t e d w i t h h o r s e se rum. 
6 . 2 . M a t e r i a l s and m e t h o d s 
6 . 2 . 1 . M a t e r i a l s 
F i c o l l (MW 400 kD) was o b t a i n e d from P h a r m a c i a and I s o p a q u e froi 
Nyegaard & C o . , O s l o , Norway. A Fi c o l l - I s o p a q u e s o l u t i o n was p r e p a r e · 
a s d e s c r i b e d p r e v i o u s l y ( 3 7 0 ) . {6-3H}Thymi d i n e was o b t a i n e d from t h e 
R a d i o c h e m i c a l C e n t r e , Amersham, UK and P h y t o h e m a g g l u t i n i n - P »as from 
Difco L a b o r a t o r i e s . MEMS medium, RPMI 1640 medium, h o r s e serum (My­
coplasma s c r e e n e d ) , swine serum, lamb serum and human serum ( p o o l e d ) 
were from Flow L a b o r a t o r i e s , I r v i n e , UK. Soluene-100 and h y d r o x i d e 
of Hyamine 10-X were from P a c k a r d , G r o n i n g e n , t h e N e t h e r l a n d s , and 
P r o t o s o l form New England N u c l e a r , D r e i e i c h e n h a i n , FRG. 
6 . 2 . 2 . Animals 
Blood samples were taken in heparinized bottles from healthy 
•adapted from Peters 4 Veerkamp (272) 
human v o l u n t e e r s and a d u l t horses (Equus c a b a l l u s ) , p i g s (Sus s c r o f a ) 
and T e x e l sheep ( O v l s a r i e s ) . 
6 . 2 . 3 . P r e g a r a t i o n and c u l t u r e o f l ^ m g h o c y t e s 
Lymphocytes were I s o l a t e d w i t h a F l c o l l - I s o p a q u e g r a d i e n t c e n ­
t r i f u g a t l o n (Э ) m o d i f i e d as d e s c r i b e d i n c h a p t e r 5. C e l l s were coun­
t e d i n a hemocytome t e r and suspended i n t h e a p p r o p r i a t e medium. The 
t r y p a n b l u e t e s t showed a v i a b i l i t y o f more than 9 5 X . W i t h a l l s p e ­
c i e s a p u r i t y o f more t h a n 95% mononuclear c e l l s was found as was 
d e t e r m i n e d w i t h May-Cri inwald-Ciemsa s t a i n i n g . 
A l l c u l t u r e s were p e r f o r m e d a t l e a s t i n q u a d r u p l i c a t e i n 0 . 2 ml 
U-shaped m i c r o t i t r a t i o n 9 6 - w e l l p l a t e s (Flow L a b o r a t o r i e s , I r v i n e , U K ) 
under an a t m o s p h e r e o f 95% a i r / 5 X C 0 2 a t 37°C and 9 0 - 9 5 X h u m i d i t y . 
B i c a r b o n a t e - b u f f e r e d MEMS medium ( 2 1 . 3 mM NaHCOa) was u s e d , u n l e s s 
o t h e r w i s e i n d i c a t e d , and a l l media were s u p p l e m e n t e d w i t h 2 mM L - g l u -
t a m i n e , 100 ug s t r e p t o m y c i n and 100 U n i t s p e n i c i l J i n p e r m l . At 45 
o r 69 hr 2 . 6 uM { 6 - 3 H } t h y m i d i n e ( 3 . 3 Ci/mmol) was added and a f t e r 6 
hr t h e c e l l s were i s o l a t e d w i t h a T i t e r t e k C e l l H a r v e s t e r ( F l o w La­
b o r a t o r i e s , I r v i n e , UK). DNA was p r e c i p i t a t e d w i t h 5% TCA. The g l a s s -
f i b e r f i l t e r s were d r i e d ( 1 5 min a t 4 0 0 С ) and 0 . 2 ml o f S o l u e n e - 1 0 0 
and 5 ml o f t o l u e n e c o n t a i n i n g 6 g РР0 and 0 . 4 g d i m e t h y l - P 0 P 0 P p e r 
1 were a d d e d . R a d i o a c t i v i t y was measured i n a P a c k a r d PRIAS T r i - C a r d 
L i q u i d S c i n t i l l a t i o n C o u n t e r . 
6 . 3 . R e s u l t s 
C o n c e n t r a t i o n o f t h y m i d i n e was o p t i m i z e d w i t h r e s p e c t to t h e 
amount o f r a d i o a c t i v i t y and of u n l a b e l l e d t h y m i d i n e i n o r d e r t o p r e ­
v e n t e x h a u s t i o n o f the t h y m i d i n e p o o l and t o m i n i m i z e i n t e r n a l r a d i ­
a t i o n . I n c o r p o r a t i o n of t h y m i d i n e was l i n e a r w i t h t i m e f o r a t l e a s t 
6 hr w i t h l y m p h o c y t e s o f a l l s p e c i e s s t u d i e d and maximal a t 2 . 6 \H 
t h y m i d i n e . Of s e v e r a l counting systems t e s t e d a t o l u e n e s o l u t i o n o f 
РР0 and Р0Р0Р gave t h e b e s t r e p r o d u c i b l e r e s u l t s . B e f o r e c o u n t i n g t h e 
f i l t e r s had t o d r i e d and e l u t e d w i t h 0 . 2 ml S o l u e n e - 1 0 0 . Wet f i l t e r s 
d i s t u r b e d t h e l i q u i d - s c i n t i l l a t i o n c o u n t i n g . O t h e r s t r o n g bases l i k e 
Hyamine and P r o t o s o l gave c o l o u r e d s o l u t i o n s t h a t s u p p r e s s e d c o u n t i n g 
e f f i c i e n c y . 
W i t h l y m p h o c y t e s of a l l s p e c i e s s e v e r a l PHA c o n c e n t r a t i o n s » e r e 
t e s t e d a t v a r i o u s c e l l c o n c e n t r a t i o n s and w i t h d i f f e r e n t amounts 
and s e v e r a l k i n d s o f s e r a . F i g . 6 . 1 shows d o s e - r e s p o n s e c u r v e s f o r 
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d p m . W 3 F i g . 6 . 1 . 
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PHA /10 6 cel ls 
PHA for ovine and porcine lymphocytes under optimal cultivation con­
ditions. With human lymphocytes thymidine incorporation was linear 
at cell concentrations from 0 . 5 - 2 x l 0 6 cells per ml and optimal at 
a concentration of 10* horse serum. With horse serum a higher thymi­
dine incorporation was obtained than with human serum. With equine 
lymphocytes thymidine incorporation was linear at cell concentrations 
from 1 - Ζ χ IO 6 cells per ml; a higher thymidine incorporation was ob­
tained with 20% horse serum than with 10X. Porcine lymphocytes showed 
a linear relationship between cell concentration and thymidine incor­
poration at 1 - 2 χ 10 6 cells per ml. 10X Horse serum gave better re­
sults than 20Ä horse serum or several concentrations of swine serum. 
Ta ble 6.1. Response of ovine lymphocytes to PHA in various conditions 





















Values represent dpm of {6- 3H}thymidine incorporated into DNA at 51 
hr for one representative experiment in quadruplicate. Comparable 
data were obtained in four separate experiments. Concentration of 
PHA was 10 ug/10 6 cells and that of the cells was 2 x 1 0 e cells/ml. 
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T a b l e 6.2. T h y m i d i n e i n c o r p o r a t i o n a t 51 h r o f P H A - s t i m u l a t e d l y m ­
p h o c y t e s o f man, h o r s e , p i g and s h e e p u n d e r o p t i m a l 
c u l t u r e c o n d i t i o n s 
S p e c i e s PHA c o n e . T h y m i d i n e i n c o r p o r a t i o n 
( u g / 1 0 6 c e l l s ) 
Man 20 
H o r s e 1.25 





































69076 ± 48242 
29269 - 168103 
44057 ± 13153 
11971 - 65247 
115629 ± 5212Э 
37524 - 245310 
59936 ± 36994 
23037 - 130780 
Values r e p r e s e n t dpm o f { 6 - 3 H } t h y m i d i n e i n c o r p o r a t e d per 0.2 ml and 
are means± SD f o r the number o f experiments i n d i c a t e d w i t h i n paren­
t h e s e s . The range i s a lso g i v e n . C e l l c o n c e n t r a t i o n s are O . S x l O 6 / 
ml f o r human and 2 x l 0 6 / m l f o r animal lymphocytes. 
For ov ine lymphocytes we used s e v e r a l c o n c e n t r a t i o n s of medium, se­
rum and percentages of serum i n the e x p e r i m e n t s . In Table 6.1 t h y ­
midine i n c o r p o r a t i o n i s shown f o r a t y p i c a l experiment a t an o p t i ­
mal PHA-concentra t i o n . With RPMI 1640 medium a r e l a t i v e l y h igh t h y ­
midine i n c o r p o r a t i o n was found i n u n s t i m u l a t e d c u l t u r e s . When the 
medium was supplemented w i t h lamb serum t h i s value i n c r e a s e d as w e l l 
w i t h MEMS as w i t h RPMI medium. Higher PHA c o n c e n t r a t i o n s are needed 
f o r o p t i m a l t r a n s f o r m a t i o n at 20 than at 10X horse serum. 
With lymphocytes of a l l species replacement o f horse serum by 
i n a c t i v a t e d horse serum d i d not I n f l u e n c e the thymid ine i n c o r p o r a ­
t i o n . Also no l a r g e v a r i a t i o n s were observed w i t h v a r i o u s batches 
of horse serum. With lymphocytes of p i g a maximal thymidine i n c o r ­
p o r a t i o n was found a t 2 days, w i t h ov ine and human lymphocytes a t 
2 or Э days and w i t h equine lymphocytes a t 3 days. Values of { 6 - 3 H } -
thymid ine I n c o r p o r a t i o n a t 51 hr i n MEMS medium supplemented w i t h 
horse serum are given i n Table 6 . 2 . S t i m u l a t i o n i n d i c e s ( r a t i o of 
r a d i o a c t i v i t y i n c o r p o r a t e d i n t o PHA-st imulated lymphocytes to t h a t 
i n c u l t u r e s w i t h o u t PHA) at 51 hr were h igher than 37 f o r human, 
h igher than 10 f o r equine, h igher than 16 f o r p o r c i n e and h igher 
than 10 f o r ov ine lymphocytes. The o p t i m a l c o n d i t i o n s f o r PHA-st i -
m u l a t i o n I n MEMS medium are summarized f o r lymphocytes o f the f o u r 
species I n Table 6 . 3 . 
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T a b l e 6 . 3 . O p t i m a l c u l t i v a t i o n c o n d i t i o n s f o r P H A - s t i m u a l t l o n o f 
mammal ian l y m p h o c y t e s 
S p e c i e s % h o r s e serum 1 0 6 c e l l s / m l ug PHA/10 6 c e l l s 
Man 10 0 . 5 - 1 20 
Horse 20 1 - 2 0 . 5 - 5 .0 
P i g 10 1 - 2 5 .0 
Sheep 10 1 - 2 1 0 - 4 0 
C u l t u r e s a r e p e r f o r m e d I n MEMS medium w i t h a d d i t i o n s as d e s c r i b e d 
i n M a t e r i a l s and Methods 
6 . 4 . D i s c u s s i o n 
Measurement o f i n c o r p o r a t i o n o f l a b e l l e d t h y m i d i n e i s w i d e l y 
used as a p a r a m e t e r f o r P H A - s t i m u l a t i o n o f l y m p h o c y t e s . The i n c o r -
p o r a t i o n i s d e p e n d e n t on t h e p r o p o r t i o n o f r a d i o a c t i v e and u n l a b e l -
l e d t h y m i d i n e and i t s c o n c e n t r a t i o n and on t h e l e n g t h o f t h e i n c u b a -
t i o n p e r i o d . Our o p t i m a l t h y m i d i n e c o n c e n t r a t i o n i s c o m p a r a b l e w i t h 
t h o s e r e p o r t e d f o r C h i n e s e hams te r l y m p h o c y t e s ( 8 1 ) and human l y m -
p h o c y t e s ( 2 5 5 ) . 
S t i m u l a t i o n o f human l y m p h o c y t e s by PHA has e x t e n s i v e l y been 
r e v i e w e d and d i s c u s s e d ( 2 1 1 ) . L a z a r y e t a l . ( 2 0 7 ) s t i m u l a t e d e q u i n e 
l e u c o c y t e s w i t h PHA i n TC 199 medium and r e p o r t e d c o m p a r a b l e o p t i m a l 
v a l u e s f o r PHA and c e l l c o n c e n t r a t i o n . F e r r a n t e 4 Thong ( 9 9 ) and Mag-
nuson & Per ryman ( 2 2 1 ) used c o m p a r a b l e PHA c o n c e n t r a t i o n s f o r s t i m u -
l a t i o n o f p u r i f i e d e q u i n e l y m p h o c y t e s i n RPMI 1640 med ium. P o r c i n e 
l y m p h o c y t e s r e s p o n d v e r y w e l l t o PHA, b u t h o r s e serum and MEMS have 
n o t been used b e f o r e . O p t i m a l PHA and c e l l c o n c e n t r a t i o n a r e compa-
r a b l e t o v a l u e s r e p o r t e d p r e v i o u s l y ( 1 0 3 , 193) i n o t h e r m e d i a . Ov ine 
l y m p h o c y t e s r e s p o n d e d s l i g h t l y t o PHA i n MEMS and RPMI 1640 medium 
i n t h e p r e s e n c e o f lamb serum i n c o n t r a s t t o i n McCoy 's 5A m o d i f i e d 
medium ( 5 5 ) . The w i d e l y used RPMI 1640 medium gave m o r e o v e r a h i g h 
b a c k g r o u n d s t i m u l a t i o n . A s i m i l a r o p t i m a l PHA c o n c e n t r a t i o n was r e -
p o r t e d by Fahey e t a l . ( 9 7 ) , b u t t h e o p t i m a l PHA c o n c e n t r a t i o n r e -
p o r t e d by Chandra e t a l . ( 5 5 ) i s 100 u q / 1 0 6 c e l l s . We f o u n d a s i m i -
l a r dependence o f t h e d e g r e e o f t r a n s f o r m a t i o n o f p o r c i n e and o v i n e 
l y m p h o c y t e s on t h e serum/PHA r a t i o as F o r s d y k e ( 1 0 3 ) f o r p o r c i n e 
and De 3ong e t a l . ( 8 1 ) f o r hams te r l y m p h o c y t e s . 
The c o n d i t i o n s d e s c r i b e d i n T a b l e 6 . 3 f o r P H A - s t i m u l a t i o n o f 
mammal ian l y m p h o c y t e s g i v e r e p r o d u c i b l e t r a n s f o r m a t i o n r a t e s and 
s t i m u l a t i o n I n d i c e s . The use o f t h e same t y p e o f medium and serum 
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in studies of PHA-stlmulation of lymphocytes of mammalian species 
may create b e t t e r p o s s i b i l i t i e s for i n v e s t i g a t i o n of the influence 
of various metabolites and ant imetabol i tes on lymphocyte metabolism 
and f u n c t i o n . 
6 . 5 . Summary 
1. Optimal conditions for stimulation by PHA were established for 
equine, porcine, ovine and human lymphocytes in MENS medium. 
2. Optimal thymidine concentration was determined for assay of cell 
transformation. With all species tested horse serum gave the highest 
thymidine incorporation. Homologous serum was not more appropriate 
for lymphocytes of man, pig and sheep. 3. Optimal stimulation was 
achieved at 20, 0.5 - 5.0, 5, and 10 - kO pg PHA per 10' cells for 
human, equine , porcine and ovine lymphocytes, respectively. 
ΘΘ 
Chapter 7 
EFFECTS OF ADENOSINE AND DEOXYADENOSINE ON PHA-STIMULATION OF 
LYMPHOCYTES OF MAN. HORSE AND PIG * 
7 . 1 . In t roduct ion 
Adenosine and deoxyadenoslne can inf luence immune funct ion. De-
f ic iency of ADA in human lymphocytes has found to be assoc ia ted with 
SCID (122). A higher a c t i v i t y of ADA has been found in some types of 
leukemic c e l l s (22, 59, 70, 232). The concent ra t ions of adenosine and 
deoxyadenoslne were increased in e ry th rocy t e s , plasma and ur ine of 
p a t i e n t s with ADA deficiency (64, 157, 206) . A higher concentra t ion 
of dATP has been found in t he i r e ry throcy tes and lymphocytes (6*, 85, 
157). Another adenosine-metabolizing enzyme SAH hydrolase i s i n a c t i -
vated in e ry th rocy tes of p a t i e n t s with ADA-deficiency (14*) . This 
may r e s u l t in accumulation of SAH, tha t can i n h i b i t methylat ion r e -
ac t ions (1*4, 188). 
Several r epo r t s have been published on the e f f ec t s of adenosine 
and deoxyadenoslne on s t imula t ion of human lymphocytes (13, 29, 106, 
132, 152, 167, 334, 343, 386). Comparison of t h e i r r e s u l t s i s d i f f i -
c u l t s ince various condi t ions were used. The kind, percentage of se -
rum, kind of medium, kind of mitogen, the parameters t es ted and the 
time they were t e s t e d , vary. Moreover, i n h i b i t o r s of ADA were used 
several t imes. These i n h i b i t o r s p o t e n t i a t e the toxic e f f ec t s of ade-
nosine and deoxyadenoslne (106, 152, 334), but they also inf luence 
c e l l u l a r mechanisms to a l a rge extent (136). 
A very low a c t i v i t y af ADA as weil with adenosine as with deoxy-
adenoslne i s present in lymphocytes of horse and pig (217, 368, chap-
te r 5 ) . This a c t i v i t y i s comparable with the res idual a c t i v i t y in 
some p a t i e n t s with SCID associa ted with ADA deficiency (155, 261) . 
Hitogenic responsiveness of lymphocytes of these p a t i e n t s appears 
to be absent or markedly reduced (319, 386, 430) depending on the ex-
t en t of res idua l ADA a c t i v i t y . Ea r l i e r we observed marked d i f f e ren-
ces In a c t i v i t i e s and k i n e t i c s of adenosine and deoxyadenoslne meta-
bo l iz ing enzymes between lymphocytes of man and those of horse and 
piq (chapter 5 ) . Therefore we compared in t h i s study the e f f ec t s of 
»adapted from Pe te r s e t a l . (271) 
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adenosine and deoxyadenosine on PHA-st imulat i on of lymphocytes from 
man, horse and p i g by assay of t h y m i d i n e , u r i d i n e and l e u c i n e i n c o r ­
p o r a t i o n . To t e s t some hypotheses on adenosine and deoxyadenosine 
t o x i c i t y to lymphocytes we a lso s t u d i e d the e f f e c t o f a d d i t i o n a l 
EHNA, an ADA i n h i b i t o r , homocysteine and d e o x y c y t i d i n e and measured 
the PRPP c o n c e n t r a t i o n i n PHA-st imulated c e l l s i n the presence of 
adenosine. The s p e c i e s - r e l a t e d e f f e c t s can p a r t i a l l y be e x p l a i n e d 
by the d i f f e r e n c e s found In adenosine and deoxyadenosine metabolism 
( c h a p t e r 5 ) . 
7 . 2 . M a t e r i a l s and methods 
7 . 2 . Ь M a t e r i a l s 
F l c o l l (MW 400 kD) was o b t a i n e d from Pharmacia and Isopaque 
from Nyegaard & Co., Oslo, Norway. A Fl col1- Isopaque s o l u t i o n was 
prepared as descr ibed p r e v i o u s l y ( 3 7 0 ) . MEMS and MycopLasma-screened 
horse serum were from Flow L a b o r a t o r i e s , I r v i n e , UK. Bacto-Phytohem-
a g g l u t i n i n - P was a p r o d u c t from Di fco L a b o r a t o r i e s , D e t r o i t , M I , USA. 
EHNA was a g i f t from Burroughs Wellcome Co., Research T r i a n g l e Park, 
NC, USA. { 5 - 3 H ) U r l d i n e , { 6 - Э Н } t h y m i d i n e , L - { Ψ , 5 - 3 H } l e u c l n e were ob­
t a i n e d from the Radiochemical C e n t r e , Amersham, UK. A l l o t h e r chemi­
c a l s were from the h i g h e s t q u a l i t y commercia l ly a v a i l a b l e . 
Blood samples were taken i n h e p a r i n i z e d b o t t l e s from h e a l t h y 
a d u l t v o l u n t e e r s and a d u l t horses (Equus c a b a l l u s ) and p i g s (Sus 
s c r o f a ). 
Zi?:?; t!Sï!!2!!5 
Lymphocytes were i s o l a t e d as descr ibed i n chapter 5. Ce l l s were 
c u l t u r e d i n a volume of 0.2 ml i n U-shaped micro t i t r a t l o n m u l t i - w e l l 
p l a t e s (Flow L a b o r a t o r i e s , I r v i n e , UK) under c o n d i t i o n s descr ibed 
i n chapters 3 and 6. Horse serum was I n a c t i v a t e d (30 min a t 560C) 
to e l i m i n a t e ADA a c t i v i t y of the serum. Cu l tu res were performed i n 
a t l e a s t q u a d r u p l i c a t e . Leucine i n c o r p o r a t i o n was measured at 43 hr 
and thymidine and u r i d i n e i n c o r p o r a t i o n were measured both a t 51 and 
75 h r . 0.23 mM L - (4 ,5 - 3 H} leuc ine (57 mCi/rtmol) was added a f t e r 27 
hr c u l t i v a t i o n and 2.6 uM ( 6 - 3H} thymidine (3 .3 Ci/mmol) or 2.6 μΜ 
{ 5 - 3 H } u r l d i n e (3.3 Ci/mmol) were present d u r i n g the l a s t 6 hr of 
i n c u b a t i o n . The c e l l s were I s o l a t e d w i t h a T i t e r t e k C e l l Harvester 
(Flow L a b o r a t o r i e s , I r v i n e , UK). R a d i o a c t i v i t y was est imated as des-
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c r i b e d i n chapters 3 and fi. When the e f f e c t s of n u c l e o s i d e s or o t h e r 
compounds were I n v e s t i g a t e d they were d i s s o l v e d i n medium, and f i r s t 
p i p e t t e d i n t o the w e l l s . PHA was added Just be fo re the c e l l s were 
p i p e t t e d i n t o the w e l l s . The e f f e c t of a d d i t i o n s i s c a l c u l a t e d as 
f o l l o w s : 
c u l t u r e w i t h a d d i t i o n ( s ) 
(dpm i n PHA-culture - dpm i n c u l t u r e w i t h o u t PHA) 
c u l t u r e w i t h o u t a d d i t l o n ( s ) 
(dpm i n PHA-culture - dpm i n c u l t u r e w i t h o u t PHA) 
χ 100* 
PRPP c o n c e n t r a t i o n i n c u l t u r e s was measured as descr ibed i n chapter 3. 
Reversed-phase HPLC was conducted on 0.4 M p e r c h l o r i c a c i d - e x ­
t r a c t e d c u l t u r e media us ing a Spectra-Physics SP Θ700 s o l v e n t d e l i ­
very system and a Merck L iChrosorb RP 1Θ (5 ym) column. Nucleosides 
and bases were detected a t 25* nm. E l u t i o n ( w i t h a f low r a t e o f 0.9 
ml/min) s t a r t e d w i t h 100% 0.04 M KH2P0» (pH 6.5) d u r i n g the f i r s t 
13 m i n , f o l l o w e d by a l i n e a r g r a d i e n t w i t h i n c r e a s i n g amounts of me­
t h a n o l and water ( 1 : 2 , v / v ) . From 25 u n t i l 35 min the column was e-
l u t e d w i t h a m i x t u r e of 25Я> methanol , 50Ж water and 25* 0.04 M 
KH2P0i, (pH é . 5 ) . 
7 . 3 . R e s u l t s 
7.3.1. Effects of adenosine and deoxyadenosine 
Culture conditions were optimized for {6- 3H} thymidine incorpo-
ration, which is a parameter for DNA synthesis. Incorporation of 
{5-3H}urIdine and L-{4,5-3H}leucine were used as parameters for RNA 
and protein synthesis, respectively. Nucleoside and leucine concentra-
tions were optimized to minimize inhibition of their uptake and in-
corporation by other nucleosides or amino acids. In general, optimal 
thymidine incorporation was found with about similar values at 51 
and 75 hr. Stimulation index (ratio of activity incorporated into 
PHA-stimulated cultures to that into control cultures) at 51 hr was 
higher than 37 for human, higher than 10 for equine and higher than 
16 for porcine lymphocytes. For uridine incorporation these values 
were 15, 4 and 3, respectively, and for leucine incorporation 5, 4 
and 4, respectively. Uridine incorporation reached an optimal value 
at 51 hr with all species. Leucine incorporation was measured at 43 
hr, before uridine incorporation reached a optimum, to minimize the 
possibility that inhibition of protein synthesis would result from 
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deoxyadenosine on thymidine (o) 
and u r i d i n e (a) i n c o r p o r a t i o n of 
human, equine and p o r c i n e PHA-
s t i m u l a t e d lymphocytes, respec­
t i v e l y . Values are means of Э-*», 
4-9 and 4-6 experiments, r e s p e c t i ­
v e l y and are c a l c u l a t e d as des­
c r i b e d i n s e c t i o n 7 . 2 . 2 . V a r i a t i o n 
c o e f f i c i e n t o f the values did not 
exceed 30, 30 and 40%, r e s p e c t i ­
v e l y . Thymidine and u r i d i n e i n ­
c o r p o r a t i o n were measured a t 51 
h r . 
For human c o n t r o l PHA-stimulated 
c u l t u r e s thymidine i n c o r p o r a t i o n 
ranged from 29270-118000 dpm and 
u r i d i n e i n c o r p o r a t i o n from 51310 -
149720 dpm, and i n c u l t u r e s w i t ­
hout PHA from 386 - 1333 dpm and 
from 2847 - 7378 dpm, r e s p e c t i v e -
i y . 
For equine c o n t r o l PHA-st imulated 
c u l t u r e s thymidine i n c o r p o r a t i o n 
ranged from 11790 - Й5247 dpm 
and u r i d i n e i n c o r p o r a t i o n from 
36993 - 113788 dpm, and i n c u l ­
t u r e s w i t h o u t PHA from 945 -
2767 dpm and from 6488 - 15345 
dpm, r e s p e c t i v e l y . 
For p o r c i n e c o n t r o l PHA-stimula-
ted c u l t u r e s thymidine i n c o r p o r a ­
t i o n ranged from 69225 - 138976 
dpm and u r i d i n e i n c o r p o r a t i o n 
from 26565 - 123932 dpm, and i n 
c u l t u r e s w i t h o u t PHA from 1828 -
7202 dpm and from 8566 - 19554 
dpm, r e s p e c t i v e l y . 
V. Ol c o n t r o l 
7 0 0 η 
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Fi g. 7. Ί·. I n f l u e n c e of adenosine 
and deoxyadenosine on 
l e u c i n e i n c o r p o r a t i o n of human 
( Δ ) , equine (D) and p o r c i n e (o) 
PHA-st imulated lymphocytes. Values 
are means of 3-4 exper iments and 
are c a l c u l a t e d as descr ibed i n 
s e c t i o n 7 . 2 . 2 . V a r i a t i o n c o e f f i ­
c i e n t o f a l l values d i d not ex­
ceed 30%. Leucine i n c o r p o r a t i o n 
was measured a t 43 hr and ranged 
i n c o n t r o l PHA-st imulated c u l t u ­
res from 11980-63237 dpm f o r hu­
man lymphocytes, from 37270-5Θ670 
dpm f o r equine lymphocytes and 
from 19957-88330 dpm f o r p o r c i n e 
lymphocytes. The values f o r c u l ­
t u r e s w i t h o u t PHA were 2847-7378 
dpm, 3236-15990 dpm and 1781-
20298 dpm r e s p e c t i v e l y . 
i n h i b i t i o n o f RNA s y n t h e s i s i n the e x p e r i m e n t a l c u l t u r e s w i t h a d d i ­
t i o n s . 
The e f f e c t s of adenosine and deoxyadenosine on thymidine and 
u r i d i n e i n c o r p o r a t i o n of human, equine and p o r c i n e lymphocytes a t 
51 hr are shown i n F i g s . 7.1 - 7.3, r e s p e c t i v e l y . With a l l three spe­
c i e s the e f f e c t s on t h y m i d i n e and u r i d i n e i n c o r p o r a t i o n were compa­
r a b l e . Between the v a r i o u s species marked d i f f e r e n c e s were f o u n d . 
The s t r o n g e s t i n h i b i t i o n wi th bo t h n u c l e o s i d e s was found w i t h equine 
lymphocytes. Adenosine a l r e a d y i n h i b i t e d a t a c o n c e n t r a t i o n o f 10 uM. 
With human lymphocytes 50 UM adenosine was necessary f o r i n h i b i t i o n . 
S e n s i t i v i t y to deoxyadenosine was lower than to adenosine. Deoxyade­
nosine s t i m u l a t e d a t a low c o n c e n t r a t i o n i n human and equine lympho­
cytes and i n h i b i t e d only a t a high c o n c e n t r a t i o n . With p o r c i n e l y m ­
phocytes both adenosine and deoxyadenosine s t i m u l a t e d thymidine and 
u r i d i n e i n c o r p o r a t i o n 5- to 7 - f o l d , even at 100 uM c o n c e n t r a t i o n . 
When thymidine i n c o r p o r a t i o n was measured a t 75 hr (Table 7 . 1 ) , the 
e f f e c t s of adenosine and deoxyadenosine were l e s s pronounced. With 
equine lymphocytes adenosine showed a lower i n h i b i t i o n of thymidine 
i n c o r p o r a t i o n w h i l e deoxyadenosine showed a comparable e f f e c t . When 
thymidine i n c o r p o r a t i o n was compared i n lymphocytes of the same pigs 
a t 51 and 75 hr s t i m u l a t i o n by adenosine and deoxyadenosine was l o ­
wer a f t e r l o n g e r c u l t i v a t i o n p e r i o d s . Leucine i n c o r p o r a t i o n was a lso 
a f f e c t e d by adenosine and deoxyadenosine ( F i g . 7.4) but the degree 
o f i n h i b i t i o n ( w i t h equine lymphocytes) or s t i m u l a t i o n ( w i t h p o r c i n e 
lymphocytes) was lower than t h a t of thymidine or u n d i n e i n c o r p o r a ­
t i o n . Leucine i n c o r p o r a t i o n i n human lymphocytes was not s i g m f i c a n t -
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Table 7 . 1 . I n f l u e n c e of adenos ine and deoxyadenos lne on thymidine 
i n c o r p o r a t i o n of PHA-stimulated lymphocytes a f t e r d i f f e ­
r e n t i n c u b a t i o n p e r i o d s 
Addit ion R e l a t i v e i n c o r p o r a t i o n ( i n % of c o n t r o l ) 
Horse Pig 
51 hr 75 hr 51 hr 75 hr 
Adenosine: 
500 μΜ 3 ± 3 ( 5 ) 3 ± 3 ( 6 ) 6 8 + 37 ( Ό N.D. 
100 UM 1 6 + 1 5 ( 5 ) 6 * ± 3 1 ( 6 ) 532 ± 15Θ (5) ЬгЬ ± 2 3 7 ( t ) 
50 uM 2 6 ± 6 ( 4 ) 5 7 ± 2 7 ( 5 ) 610 ± 139 ( 5 ) i>32 ± 222 (Ψ) 
25 UM 39 + 12 ( 9 ) 133 ± 33 (3 ) ,' 584 + 196 ( 6 ) 29* ± 56 ( 4 ) 
10 μΜ 8 3 ± 2 8 (*) 125 ± 31 (4 ) ' N.D. N.D. 
Deoxy­
a d e n o s l n e : 
500 μΜ 4 ± 2 ( 5 ) Q.7± 0.4 ( 3 ) , 16 ± 13 (4 ) N.D. 
100 uM 61 ±21 (4) 85+40 (6) 459 ± 167 (5) 355 ± 155 (4) 
50 uM 98 + 12 (4) 111 + 27 (5)' 608 + 158 (5) 484 + 181 (4) 
25 μΜ 102 ±15 (8) 132 ±22 (4) 548+222 (6) 347 ±161 (4) 
10 μΜ 122 ± 24 (3) 113 + 21 (6) N.D. N.D. 
Values are means± SD for the number of experiments indicated within 
parentheses and are calculated as described in section 7.2.2. N.D., 
not determined. 
ly affected by deoxyadenoslne. , 
In the cultures adenosine and deoxyadenoslne deamination were 
limited to cellular breakdown, since the deaminatlng activity of 
horse serum was reduced by inactivation from 8.6 to less than 2.5 
nmol/hr per ml serum. Media in which human, equine and porcine lympho­
cytes had been stimulated by PHA In the presence of adenosine or de­
oxyadenoslne were analyzed with reversed-phase HPLC. With all species 
a rapid disappearance (more than 703, within 24 hr) of adenosine or 
deoxyadenoslne was found at 25-500 μΜ. Especially at high concentra­
tions of both nucleosides the concentrations of (deoxy )inosine and 
hypoxanthine in the media increased. In the presence of EHNA a slo­
wer rate of disappearance of 25 μΜ (deoxy)adenosine from the medium 
was found (less than 30% within 24 hr). Hypoxanthine formation from 
deoxyadenoslne was more suppressed by EHNA than its formation from 
adenosine. 
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7.3.2. The effects of EHNA and combinations of nucleosides 
The effects of EHNA in combination with either adenosine or de-
oxyadenosine were investigated on human, equine and porcine lympho-
cytes (Figs. 7.5-7.7, respectively). EHNA alone did not significant-
ly influence thymidine and uridine incorporation with all species 
but It changed the effects of adenosine and deoxyadenosine. With hu-
man lymphocytes especially with deoxyadenosine (Fig. 7.5) a markedly 
higher inhibition was observed in the presence of EHNA. With equine 
lymphocytes the effect of EHNA was lower with both nucleosides (Fig. 
7.6), while with porcine lymphocytes EHNA slightly decreased the sti-
mulatory effect of adenosine (Fig. 7.7). In contrast, EHNA reverted 
the stimulation of thymidine and uridine incorporation by deoxyade-
nosine into a marked inhibition. 
Deoxycytidine has been reported to reverse inhibition by deoxy-
adenosine in human lymphocytes (29), but actually this effect should 
be called a prevention of inhibition (136). With human lymphocytes 
no prevention was found with deoxycytidine of suppression by adeno-
sine plus EHNA, while Inhibition by deoxyadenosine plus EHNA was 
lower in the presence of deoxycytidine. With equine lymphocytes de-
oxycytldine did not prevent inhibition by adenosine or deoxyadenosine 
in the presence of EHNA. With porcine lymphocytes deoxycyti dine 
completely prevented the inhibition by deoxyadenosine plus EHNA 
of uridine incorporation and partially the inhibition of the 
thymidine incorporation. Deoxycyti dine alone was tested at 25, 50 
and 100 uM concentration. No concentration-dependent differences 
were found with all species tested but the effect on thymidine and 
uridine incorporation was different. In most cases thymidine incor-
poration was inhibited while uridine incorporation was stimulated 
or only slightly inhibited. 
In vivo ADA deficiency causes accumulation of both adenosine 
and deoxyadenosine. Therefore we studied the effect of the combina-
tion of these nucleosides on thymidine incorporation of PHA-stimula-
ted equine lymphocytes (Table 7.2). Adenosine and deoxyadenosine to-
gether did not show a stronger inhibition than adenosine alone. Ad-
dition of EHNA to the combination gave an inhibition comparable to 
that of deoxyadenosine and EHNA together. The effect of homocysteine 
was also studied in equine lymphocytes, since in these cells activi-
ty of SAH hydrolase is affected most strongly by deoxyadenosine (chap-
ter 5). Homocysteine did not alter the inhibition found by adenosine 
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% ol control 
Гі qs. 7.5 - 7.7. Influence of various nucleosides on thymidine and 
uridine incorporation on PHA-stimula ted lymphocytes 
from man, horse and pig, respectively. Values are means ± SD of 3-6, 
3-8 and 3-5 experiments, respectively, and are cal cula ted as descri­
bed in section 7,2.2. Thymidine and uridine incorporation were measu­
red at 51 hr. Concentrations of adenosine, deoxyadenosine and deoxy-
cytidlne were 25 uM. Concentration of EHNA was 10 μΜ. 
96 
T a b l e 7 . 2 . I n f l u e n c e o f v a r i o u s c o m b i n a t i o n s on t h y m i d i n e i n c o r p o -
r a t i o n o f P H A - s t i m u l a t e d e q u i n e l y m p h o c y t e s 
C o m b i n a t i o n 







39 ± 1 2 ( 9 ) 
102 ± 1 5 ( 8 ) 
32 ± 7 ( 3 ) 
110 ± 2 0 (il·) 
18 ± 7 ( 8 ) 
50 ± 1 5 ( 5 ) 
1* ± 1 ( 3 ) 
5 * ± 18 ( 3 ) 
¡té ± 1Ц- ('t) 
87 ± 18 ( * ) 
2 1 ± 2 ( 3 ) 
N.D. 
17 ± * (3) 
33 ± 10 m 
13 ± 4 ( 3 ) 
Values ( i n % of the c o n t r o l w i t h o u t a d d i t i o n s ) are means± SD f o r the 
number of experiments i n d i c a t e d w i t h i n parentheses and are c a l c u l a t e d 
as descr ibed In s e c t i o n 7 . 2 . 2 . Adenosine and deoxyadenoslne were p r e ­
sent i n 25 μΜ, homocysteine i n 100 μΜ and EHNA i n 10 μΜ f i n a l concen­
t r a t i o n . Thymidine i n c o r p o r a t i o n was measured a t 51 h r . N.D., not de­
t e r m i n e d . 
A d d i t i o n a l EHNA only i n c r e a s e d the e f f e c t of deoxyadenoslne p l u s ho­
mocysteine (Table 7 . 2 ) . 
To get more I n s i g h t about the mechanism by which adenosine s t i ­
mulates thymidine and u r i d i n e i n c o r p o r a t i o n of p o r c i n e lymphocytes, 
the e f f e c t s of the d e g r a d a t i o n products of adenosine on thymidine 
and u r i d i n e i n c o r p o r a t i o n were s t u d i e d (Table 7 . 3 ) . Adenosine, i n o ­
s i n e and hypoxanthine showed a comparable s t i m u l a t i o n o f thymid ine 
and u r i d i n e i n c o r p o r a t i o n , e s p e c i a l l y when compared w i t h i n the same 
exper iment . With human lymphocytes 100 μΜ i n o s i n e d i d not i n f l u e n c e 
thymidine and u r i d i n e i n c o r p o r a t i o n i n c o n t r a s t to adenosine (see a l ­
so F i g . 8 . 2 ) . 
7 . 3 . 3 . The e f f e c t of adenosine on the PRPP c o n c e n t r a t i o n 
We a lso measured the e f f e c t of adenosine on PRPP c o n c e n t r a t i o n 
of PHA-st imulated lymphocytes. As p r e v i o u s l y r e p o r t e d ( c h a p t e r 3) 
the PRPP c o n c e n t r a t i o n increases i n PHA-st imulated equine and p o r ­
cine lymphocytes. Adenosine suppresses t h i s e l e v a t i o n d u r i n g c u l t i ­
v a t i o n of equine l^mohooytes and PRPP ( o n r e n t r a t i o n decreases to 
below the value at /ero hr (Table 7 . 4 ) . With p o r c i n e lymphocytes 
the suppression of the PHA-stimulated e l e v a t i o n was more marked, 
but the c o n c e n t r a t i o n remained somewhat h igher than t h a t at /ero 
h r . Without PHA-stimula t l o n adenosine i n h i b i t e d the i n c r e a s e of 
PRPP c o n c e n t r a t i o n a f t e r three h r . 
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Table 7 .3 . I n f l uence of adenosine, Inos lne and hypoxanthlne on t h y -
mid ine and u r i d i n e i n c o r p o r a t i o n of PHA-st imulated por-
c ine lymphocytes 
Re la t i ve i n c o r p o r a t i o n ( i n * of the 
Add i t i on Concent ra t ion c o n t r o l va lue) 
( in uM) Thymidine Ur id ine 
Adenosine 100 *59 ± 167 (5 ) 590 ±202 (4) 
50 ¡t90 ± 198 (7 ) *71 ± 210 (6) 
I n o s i n e 100 ЗЬ5 ± 69 ( 3 ) if62 ± 214 (6 ) 
50 60Θ±15Θ (5) 6 8 4 ± 3 1 6 (4) 
Hypoxanthlne 100 490 ± 2 1 1 ( 7 ) 334 ± 1 2 3 ( 3 ) 
50 319 ± 63 ( 3 ) 359 ± 1 1 7 (3 ) 
Values are means ± SD f o r the number o f experiments i n d i c a t e d w i t h i n 
parentheses and are c a l c u l a t e d as descr ibed i n s e c t i o n 7 . 2 . 2 . I n ­
c o r p o r a t i o n was measured at 51 h r . 
7 . 4 . D iscuss ion 
I n f o r m a t i o n on e f f e c t s of adenosine and deoxyadenoslne on human 
lymphocyte f u n c t i o n i s s c a t t e r e d . Most a u t h o r s only s t u d i e d the e f ­
f e c t s of e i t h e r adenosine or deoxyadenoslne. ADA i n h i b i t o r s were o f ­
ten used w i t h o u t s t u d y i n g the e f f e c t of the i n h i b i t o r or the n u c l e o ­
side a l o n e . Although Hirschhorn & Sela (152) and Magnuson 4 Perryman 
(221) demonstrated t h a t i n h i b i t i o n by adenosine of thymid ine i n c o r ­
p o r a t i o n of human PHA-stimulated lymphocytes decreases a t longer i n ­
cubat ion p e r i o d s , most r e s u l t s are based on thymid ine and l e u c i n e 
i n c o r p o r a t i o n measured a t 72 h r . We showed t h a t the e f f e c t s of both 
adenosine and deoxyadenoslne are h i g h e r a t s h o r t e r i n c u b a t i o n t imes 
w i t h equine and p o r c i n e lymphocytes. This means t h a t d u r i n g the l o n ­
ger i n c u b a t i o n p e r i o d the c e l l s w i l l e l i m i n a t e the excess amount of 
n u c l e o s i d e , recover and s t a r t again normal thymid ine i n c o r p o r a t i o n . 
We found comparable, high e l i m i n a t i o n r a t e s of adenosine from the 
c u l t u r e medium f o r lymphocytes of a l l three s p e c i e s , as r e p o r t e d by 
l i b e r t i e t a l . (386, 387) and Hirschhorn & Sela (152) f o r human lym­
phocyte c u l t u r e s . Our r e s u l t s on the e f f e c t of adenosine on the t h y ­
midine i n c o r p o r a t i o n of human lymphocytes at 48 hr agree w i t h those 
found p r e v i o u s l y (132, 152, 167, 2 3 1 ) . Magnuson & Perryman (231) r e ­
ported comparable e f f e c t s of adenosine on PHA-st imulated equine lym­
phocytes as we f o u n d . In human lymphocytes Simmonds et a l . (334) 
found about 40X i n h i b i t i o n at 100 μΜ deoxyadenoslne. No data are a-
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tration in cultured lymphocytes 











189 ± 31 
101 ± 52 
79 ± 43 
75 ± 29 
681 ± 287 
58 ± 3É 
115 ± 53 
53 ± 26 
+Adenosine 
37 ± 14 
56 ± 15 
48 ± 21 
41 ± 10 
117 ± 74 
54 ± 45 
88 ± 17 
61 ± 39 
of horse an 
With PHA 
-Adenosine 
239 ± 51 
218 ± 38 
176 ± 29 
109 ± 28 
919 ± 243 
522 ± 288 
1216 ± 391 



























Values (in % of the concentration at the start of the cultures) are 
means ±SD of 3 experiments. Adenosine (50 yM final concentration) 
was added at the start of the cultures. Concentration of PRPP at 0 
hr was 5.4±0.2 and 4.1 ±2.1 nmol/109 cells for equine and porcine 
lymphocytes, respectively. 
vallatile on the effects of deoxyadenosine on thymidine incorporation 
of equine and porcine lymphocytes. 
Since {5-3H}uridine is specifically incorporated into RNA, our 
results indicate that not only DNA synthesis but also RNA synthesis 
is influenced by adenosine and deoxyadenosine. The observed inhibi-
tion of leucine incorporation is not a secondary effect of inhibi-
tion of RNA synthesis, since leucine incorporation was measured be-
fore RNA synthesis starts to increase. Uberti et al. (387), Hirsch-
horn & Sela (152) and Carson et al. (46) found comparable effects of 
adenosine and deoxyadenosine on leucine incorporation of PHA-stimu-
lated human lymphocytes as we did. 
Adenosine appears to be more toxic than deoxyadenosine to human 
and equine lymphocytes. Lymphocytes of ADA-deficient patients, howe-
ver, were more sensitive to deoxyadenosine (156). Addition of EHNA 
results in a higher toxicity of deoxyadenosine (334 and Fig. 7.4). 
Even with porcine lymphocytes both thymidine and uridine incorpora-
tion are inhibited in the presence of EHNA and deoxyadenosine. Other 
inhibitors of ADA, coformycin and deoxycoformycin, also potentiate 
the effect of adenosine and deoxyadenosine on thymidine and leucine 
incorporation of human lymphocytes (29, 343, 387). In the presence 
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of these inhibitors deoxyadenosine also is more toxic than adenosine. 
Apparently inhibition of dean i nati on results in the synthesis of com-
pounds that are more toxic when they are derived from deoxyadenosine 
than from adenosine. The highest inhibition by deoxyadenosine and 
EHNA was found with human lymphocytes. They can relatively better 
phosphorylate deoxyadenosine at low concentration than porcine and 
equine lymphocytes (chapter 5 ) . 
No significant differences on ATP and dATP concentrations were 
observed after adenosine addition with and without EHNA in lympho-
cytes of man, horse and pig. dATP, however, was present in 3-10 fold 
higher concentration In lymphocytes of all three species 24 hr after 
addition of deoxyadenosine, EHNA and PHA (chapter 9 ) . dATP is an inhi-
bitor of ribonucleotide reductase (301). Accumulation of dATP will 
affect cell growth and cell function (138, 281). Our results support 
the hypothesis that inhibition of lymphocyte function in ADA defi-
ciency could be mediated by dATP accumulation. 
Deoxycytidine, a precursor of dCTP, has been reported to be able 
to prevent deoxyadenosine toxicity (29, 46). This does not hold for 
lymphocytes of all species studied. The marked prevention of the in-
bitory effect of deoxyadenosine and EHNA by deoxycytldine in human 
lymphocytes and the absence of any preventive effect in equine lym-
phocytes agree well with the high inhibition of deoxyadenosine phos-
phorylation by deoxycytldine In human lymphocytes and the low inhi-
bition in equine lymphocytes (chapter 5 ) . 
Although adenosine and deoxyadenosine are both present in ele-
vated amounts in serum, plasma and urine of patients with ADA defi-
ciency associated with SCID (85, 206), the effect of the combination 
of these nucleosides on lymphocyte function has not been studied 
before. In equine lymphocytes the combination had no stronger inbi-
tory effect on PHA-stimualtlon than adenosine alone. Addition of ho-
mocysteine to the combination caused a stronger inhibition of thymi-
dine incorporation of PHA-stimulated equine lymphocytes. Since addi-
tion of homocysteine to either adenosine or deoxyadenosine had no 
effect, both adenosine and deoxyadenosine are necessary to cause an 
accumulation of SAH. This product, which was present in increased 
amounts in human lymphocytes after incubation with adenosine and 
homocysteine-thiolactone (188), can inhibit methylation reactions 
(188, 202). 
In most cell types adenosine and deoxyadenosine are inhibitory 
to growth and/or toxic (111, 241, 391 and reviewed in 138). Although 
porcine lymphocytes have a relatively low ADA activity, no inhibition 
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but a marked s t i m u l a t i o n of thymidine and u r i d i n e i n c o r p o r a t i o n was 
observed, even a t h igh c o n c e n t r a t i o n s o f adenosine and deoxyadenosine. 
This s t i m u l a t i o n can be mediated by d e l i v e r y of hypoxan t h i n e , s ince 
adenosine, deoxyadenosine, i n o s i n e and hypoxanthine showed comparable 
s t i m u l a t i o n o f thymid ine and u r i d i n e i n c o r p o r a t i o n . Hypoxanthine can 
be converted w i t h PRPP by HPRT to IMP and subsequently to AMP and/or 
GMP. The suppression of the PHA-stimulated i n c r e a s e of PRPP concen­
t r a t i o n i n the presence of adenosine nay be r e l a t e d to t h i s phenome­
non, but a lso to i n h i b i t i o n of PRPP s y n t h e s i s by AMP, a p o t e n t i n h i ­
b i t o r of PRPP synthetase (chapter 3 ) . I t does not appear probably 
t h a t d e p l e t i o n of the i n t r a c e l l u l a r p y r i m i d i n e n u c l e o t i d e pool causes 
the i n c r e a s e d i n c o r p o r a t i o n of l a b e l l e d thymidine and u r i d i n e i n the 
presence of adenosine or deoxyadenosine, s ince o p t i m a l c o n c e n t r a t i o n s 
of the p y r i m i d i n e n u c l e o s i d e s were present i n the c u l t u r e medium and 
u r i d i n e k inase a c t i v i t y i s increased at PHA-st imulat ion i n human (21Ψ), 
p o r c i n e and equine lymphocytes (chapter Ί-). With equine lymphocytes 
the decrease of the PRPP c o n c e n t r a t i o n by adenosine, even to below 
the l e v e l a t zero h r , can o n l y be due to i n h i b i t i o n of PRPP s y n t h e s i s 
by AMP. I n h i b i t i o n of the PHA-stimulated r i s e i n PRPP c o n c e n t r a t i o n 
by adenosine was e a r l i e r found i n human lymphocytes ( 3 4 3 ) . In lympho-
b l a s t s adenosine reduced PRPP c o n c e n t r a t i o n ( 3 4 * ) ; a d d i t i o n o f c o f o r -
mycin f u r t h e r depleted the PRPP pool and a lso i n h i b i t e d the hexose 
monophosphate shunt. 
Our r e s u l t s i n d i c a t e t h a t the e f f e c t s o f adenosine and deoxyade­
nosine on human lymphocyte f u n c t i o n may be r e l a t e d to v a r i o u s mecha­
nisms. In the absence of A D A - i n h i b i t o r s , adenosine i s more i n h i b i t o ­
r y than deoxyadenosine, but i n h i b i t i o n by adenosine i s not accompa­
n i e d , even i n the presence o f ADA i n h i b i t o r s , w i t h an accumulat ion 
o f ATP or dATP (chapter 9 ) . The e f f e c t s of adenosine may be mediated 
by I n h i b i t i o n of PRPP s y n t h e s i s and accumulat ion of SAH, a l though 
i n h i b i t i o n of p y r i m i d i n e n u c l e o t i d e s y n t h e s i s (110, 125, 177) and 
accumulat ion of cAMP (226, 323, 431) may a lso c o n t r i b u t e to the ob­
served t o x i c phenomena i n v a r i o u s types of c e l l s . The e f f e c t s of de­
oxyadenosine appear to be mediated by accumulat ion of dATP and SAH. 
However, l i t t l e a t t e n t i o n has been paid to o t h e r p o s s i b l e e f f e c t s 
of deoxyadenosine l i k e i n t e r f e r e n c e w i t h p y r i m i d i n e metabol ism, w i t h 
s y n t h e s i s o f cAMP and PRPP and w i t h energy metabol ism. Schmalst ieg 
e t a l . (318) found a decreased ATP/ADP r a t i o i n lymphocytes of an 
ADA-defi c i e n t p a t i e n t . Some of these a s p e c t s , e s p e c i a l l y those con-
t-erning p y r i m i d i n e metabolism and energy metabolism are c u r r e n t l y 
under i n v e s t i g a t i o n . 
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7.5. Summary 
1. Adenosine inhibits thymidine and uridine incorporation of PHA-
stimulated lymphocytes of man and horse at concentrations higher than 
50 and 10 i#1, respectively. Deoxyadenosine is inhibitory at concen­
trations higher than 100 \ti. Thymidine and uridine incorporation of 
porcine lymphocytes are elevated 5-7 fold by 25-100 \Л adenosine, 
deoxyadenosine, inosine and hypoxanthine. Leucine incorporation of 
PHA-stimulated lymphocytes was affected by adenosine and deoxyadeno­
sine in the same way, but to a lower extent. 2. Effects of adeno­
sine and deoxyadenosine were more pronounced at shorter cultivation 
times. 3. EHNA potentiated the effects of adenosine and deoxyade­
nosine on human and equine lymphocytes. With human lymphocytes inhi­
bition by deoxyadenosine and EHNA was higher than by adenosine and 
EHNA. With porcine lymphocytes only the combination of deoxyadenosine 
and EHNA was inhibitory. 4. Homocysteine potentiated the inhibition 
of thymidine incorporation by the combination of adenosine and deoxy­
adenosine with equine lymphocytes, but not the inhibition of adeno­
sine or deoxyadenosine alone. 5. Adenosine suppressed the PHA-sti-
mulated elevation of PRPP concentrations. With porcine lymphocytes 
PRPP remained at the level of zero hr, while with equine lymphocytes 
PRPP concentration decreased to below that level. 6. The various 
effects of adenosine and deoxyadenosine on lymphocytes of man, horse 




METABOLISM OF PURINE NUCLEOSIDES IN HUMAN AND OVINE LYMPHOCYTES AND RAT 
THYMOCYTES AND THEIR INFLUENCE ON MITOGENIC STIMULATION* 
8.1. Introduction 
I n h e r i t e d d e f i c i e n c y of PNP i n human lymphocytes i s a s s o c i a t e d 
w i t h severe T - c e l l d y s f u n c t i o n (123, 332) . PNP c a t a l y z e s the phos-
p h o r y l y s i s of i n o s i n e , guanosine and t h e i r deoxycompounds to hypo-
xanth ine and guanine. The s u b s t r a t e s of PNP appear to p l a y a key r o l e 
i n the express ion o f the d i s t u r b e d immune f u n c t i o n (237, 2Θ1) and 
are found i n increased amounts i n e r y t h r o c y t e s , serum and u r i n e of 
PNP d e f i c i e n t p a t i e n t s ( 6 3 , 65, 302, 3 5 1 , 352, 420) . Furthermore an 
e l e v a t e d c o n c e n t r a t i o n of dCTP has been found i n e r y t h r o c y t e s of 
these p a t i e n t s (65, 352, <*20). The a c t i v i t y of SAH hydrolase i n t h e i r 
e r y t h r o c y t e s was a lso decreased ( 1 * 6 , 1 9 0 ) , probably by i n a c t i v a t i o n 
by i n o s i n e ( 1 4 6 ) . I t i s p o s t u l a t e d t h a t the development and d i f f e r e n ­
t i a t i o n of T - c e l l mediated immunity I n lymphoid t i s s u e s i s m a i n l y 
i n h i b i t e d by the accumulated deoxynucleot ides t h a t i n h i b i t r i b o n u ­
c l e o t i d e reductase and cause a d e p l e t i o n of p y r i m i d i n e dNTP (237, 
2 8 1 ) . 
Deoxyguanosine appeared to be more t o x i c to T - c e l l d e r i v e d c e l l 
l i n e s (120, 235, 254) and T-lymphocytes (314) than to B - c e l l l i n e s . 
Human thymocytes are more s e n s i t i v e to deoxyguanosine than p e r i p h e ­
r a l lymphocytes ( 6 7 ) . However, I t was also shown t h a t dCTP accumula­
t i o n i s h igh i n n o n - d i v i d i n g lymphoid c e l l s a f t e r a s h o r t i n c u b a t i o n 
w i t h deoxyguanosine ( 1 9 5 ) . 
Deoxyguanosine appears to be phosphory lated i n lymphoid c e l l s 
by d e o x y c y t l d l n e k inase ( 4 6 , 216) and by a s p e c i f i c deoxyguanosine 
k i n a s e ( 2 1 6 ) . A high deoxyguanosine-phosphory lat ing a c t i v i t y was 
found i n thymus, spleen and p e r i p h e r a l lymphocytes (46, 49, 216, 253, 
254, 314). The k i n e t i c p r o p e r t i e s of PNP and deoxyguanosine k inase 
and the metabolism of the s u b s t r a t e s of PNP were not yet s t u d i e d i n 
lymphocytes. 
Ovine lymphocytes have a very low PNP a c t i v i t y (chapter 5) t h a t 
•adapted from Peters e t a l . (274) 
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approximates the a c t i v i t y i n c h i l d r e n w i t h PNP d e f i c i e n c y ( 3 1 5 ) . 
Rat thymocytes have a comparably low PNP a c t i v i t y t h a t a lso i s lower 
than i n human thymocytes (chapter 1 1 ) . Knowledge of the metabolism 
o f the s u b s t r a t e s of PNP i n these c e l l s might give some i n s i g h t i n 
the r o l e o f PNP i n immune f u n c t i o n . Therefore we s t u d i e d k i n e t i c s 
of p h o s p h o r y l a t i o n and p h o s p h o r y l y s i s of i n o s l n e , guanosine and de-
oxyguanosine i n i n t a c t c e l l s and e x t r a c t s of human and ov ine lympho­
c y t e s and r a t thymocytes. The i n f l u e n c e of i n o s i n e , guanosine and 
t h e i r deoxycompounds on m i t o g e n i c s t i m u l a t i o n o f these c e l l s was 
a lso s t u d i e d . The v a r i o u s e f f e c t s of the n u c l e o s i d e s on t h i s s t i m u ­
l a t i o n could p a r t i a l l y be e x p l a i n e d by the d i f f e r e n c e s i n t h e i r 
metabol ism. 
8 . 2 . M a t e r i a l s and methods 
O r i g i n o f most m a t e r i a l s i s descr ibed i n chapters 5 and "6. 
Deoxy{ 8- э Н)guanosine and {8- 3 H)guanosine were purchased from the 
Radiochemical C e n t r e , Amersham, UK. Concanavalin-A (from Canavalla 
e n s l f o r m i s) from Boehr inger, Mannheim, FRG. 
Blood samples were taken i n h e p a r i n i z e d b o t t l e s from h e a l t h y 
a d u l t v o l u n t e e r s and Texel sheep (Ovis a r l e s ). Thymocytes were p r e ­
pared from thymuses of ^D-days o l d male Wistar r a t s . 
8 . 2 . 2 . Enzyme assays 
I s o l a t i o n o f lymphocytes and p r e p a r a t i o n o f e x t r a c t s and super-
n a t a n t s i s descr ibed i n chapter 5. Thymocytes were p u r i f i e d as des­
c r i b e d i n chapter 10. 
A l l enzyme a c t i v i t i e s were measured by r a d i o c h e m i c a l methods 
a t 37°C i n a shaking w a t e r - b a t h . A c t i v i t i e s are expressed as nmol 
o f p r o d u c t ( s ) formed per hr per 10 e c e l l s . P r o p o r t i o n a l i t y of the 
r e a c t i o n s w i t h r e s p e c t to time and the amount of p r o t e i n was ascer­
t a i n e d . React ions were t e r m i n a t e d by h e a t i n g f o r 2-5 min a t 950C 
i n an Eppendorf h e a t e r . 
The r e a c t i o n m i x t u r e (50 ul ) f o r the assay of PNP a c t i v i t y 
conta ined 30 mM Tr is-HCl (pH 7 . Ό , 1 mM EDTA, 80 mM phosphate (pH 
7 . Ό and an amount of lymphocyte or thymocyte l y s a t e e q u i v a l e n t to 
3 - 2 5 x 1 0 ' * c e l l s . The r e a c t i o n was s t a r t e d a f t e r a p r e i n c u b a t i o n 
of 5 min by a d d i t i o n of s u b s t r a t e . F i n a l c o n c e n t r a t i o n s were 0 . 3 * 
104 
mH { e - ^ O i n o s l n e ( 7 . 3 mCi/nmol), 0 .29 mM {θ- 3 H}guanos ine (30 mCi/ 
mmol) or 0.29 mM deoxy{θ- Э Н}guanos ine (ЭОтСІ/mmol), u n l e s s o t h e r w i s e 
i n d i c a t e d . After 10 min the r e a c t i o n was terminated and i n o s i n e and 
hypoxanthine, or guanosine or deoxyguanosine and guanine and x a n t h i ­
ne, were added as c a r r i e r s . 
The r e a c t i o n mixture (Θ0 μΐ) for measuring p h o s p h o r y l a t i o n of 
guanosine or deoxyguanos ine conta ined 40 mM Trls-HCl (pH 7 . 4 ) , 0 . 6 2 5 
mM EDTA, 5 mM ATP, 6.25 mM MgClj, a volume of 7000 g supernatant 
e q u i v a l e n t to 2 - 3 χ IO 6 c e l l s and 0 . 3 3 mM {Θ- 3 H}guanosine (134 mCi/ 
mmol) or 0 . 3 3 mM deoxy{8- 3 H}guanos ine (134 mCi/mmol). After incuba­
t i o n for 60-90 min the r e a c t i o n was terminated by h e a t i n g and addi­
t i o n of e x c e s s CMP and guanosine or t h e i r deoxycompounds and guanine 
and x a n t h i n e . S u b s t r a t e s and products ( n u c l e o t i d e s and b a s e s ) were 
separated on P E I - c e l l u l o s e t h i n - l a y e r s with d i s t i l l e d water and quan­
t i t a t e d as desc ibed in chapter 5. 
Θ . 2 . 3 . I n c u b a t i o n s with i n t a c t c e l l s 
To determine the r a t e of phosphory la t ion and p h o s p h o r y l y s i s in 
i n t a c t c e l l s , 4 x l 0 6 c e l l s were suspended in 100 ul 20 mM Hepes-buf-
fered (pH 7 . 0 ) MEMS-medium. { 8 - ' "OHypoxanth ine, { 8 - 1 " O i n o s i n e , 
{ 8 - 3 H } g u a n o s i n e or deoxy{8- 3 H}guanos lne was added a t c o n c e n t r a t i o n s 
i n d i c a t e d in F i g u r e s and T a b l e s . After 60 min the i n c u b a t i o n was 
terminated by s p i n n i n g down the c e l l s a t 10 000g for 1 min. The c e l l s 
were washed with 100 μΐ s a l i n e . The medium was added to 65 ul of a 
s o l u t i o n c o n t a i n i n g a p p r o p r i a t e c a r r i e r s and combined with the wash­
ing f l u i d . The c e l l s were e x t r a c t e d with 100 ul 0 . 4 M HCIO» on i c e . 
After 20 min the e x t r a c t was c e n t r i f u g e d a t 10 000 g for 1 min and 
the supernatant n e u t r a l i z e d with 29 μΐ of a mixture of 0 . 4 M K0H 
and 1 M K2HPO». After c e n t r i fugat ion the supernatant was combined 
with the medium and the washing f l u i d , and ana lyzed on P E I - c e l l u ­
l o s e t h i n - l a y e r s . 0 . 2 ml of 1 M hydroxide of Hyamine 10-X was added 
to the a c i d - i n s o l u b l e m a t e r i a l and l e f t o v e r n i g h t a t room tempera­
t u r e . R a d i o a c t i v i t y was measured in 10 ml of t o l u e n e c o n t a i n i n g 
0 . 4 g dimethyl-POPOP and 6 g PP0 per 1. B lancs were obta ined by s p i n ­
ning down the c e l l s immediate ly a f t e r a d d i t i o n of the s u b s t r a t e . 
Lymphocytes were c u l t u r e d as d e s c r i b e d in chapter 6. Horse s e ­
rum was i n a c t i v a t e d (30 min a t 56 0C) to reduce i t s PNP a c t i v i t y . 
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The PNP a c t i v i t y ( w i t h i n o s i n e as s u b s t r a t e ) d e c r e a s e d from 1 0 1 t o 
28 n n o l o f h y p o x a n t h i n e formed per hr per ml serum. Rat t h y m o c y t e s 
(2 χ 1 0 6 c e l l s per m l ) were c u l t u r e d i n mi ero t i t e r t e k p l a t e s i n 22 
mM b i c a r b o n a t e - b u f f e r e d RPMI- lé ' tO medium supplemented w i t h 1 0 * i n a c -
t i v a t e d horse serum, 2 mM L - g l u t a m i n e and 100 ug s t r e p t o m y c i n and 
100 U n i t s p e n i c i l l i n per m l . The thymocytes were s t i m u l a t e d w i t h 2 . 5 
μς Con-Α p e r 1 0 6 c e l l s . For comparison human l y m p h o c y t e s were a l s o 
c u l t u r e d i n RPMI-lfi'tO medium s u p p l e m e n t e d w i t h 10% i n a c t i v a t e d horse 
serum i n a c e l l c o n c e n t r a t i o n o f 0 . 5 x 1 0 s c e l l s / m l and s t i m u l a t e d 
w i t h 15 \ig Con-Α per 1 0 6 c e l l s . A l l c u l t u r e s ( 0 . 2 m l ) were p e r f o r m e d 
under 95% a i r / 5 % C 0 2 i n a t l e a s t q u a d r u p l i c a t e . T h y m i d i n e and u r i d i ­
ne i n c o r p o r a t i o n were measured a t 51 h r ; 2 . 6 μΜ { 6 - 3 H } t h y m i d i n e 
( 3 . 3 Ci/mmol) or 2 . 6 μΜ { 6 - 3 H } u r i d i n e ( 3 . 3 Ci/mmol) was p r e s e n t d u ­
r i n g the l a s t 6 hr o f i n c u b a t i o n . Q u a n t i t a t i o n o f i n c o r p o r a t e d r a d i o ­
a c t i v i t y was p e r f o r m e d as d e s c r i b e d i n c h a p t e r 6. D e t e r m i n a t i o n and 
c a l c u l a t i o n o f t h e e f f e c t s of added n u c l e o s i d e s i s d e s c r i b e d i n s e c ­
t i o n 7 . 2 . 2 . 
8 . 3 . R e s u l t s 
8.3.1. PNP and nucleoside_kinase(s) 
In PNP assays with inosine as a substrate the only product was 
hypoxanthine, with deoxyguanoslne and guanosine both guanine and 
xanthine were formed. With human lymphocytes the PNP activity was 
highest with inosine as a substrate, while the Km values for all 
substrates were comparable (Table 8.1). Ovine lymphocytes showed 
Table 8.1. Activities and Km values of PNP in lysates of human and 
ovine lymphocytes and rat thymocytes 
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much lower but comparable activities »ith the three substrates, but 
the Km value for deoxyguanosine was much higher than that for the 
other nucleosides. With rat thymocytes activity of PNP with inosine 
and deoxyguanosine was comparable. Km values for deoxyguanosine were 
comparable with all cell types. 
The assay for kinase activity was optimized for deoxyguanosine 
with extracts of thymocytes. At 0.33 mM deoxyguanosine the combina­
tion of 5 mM ATP, 6.25 mM MgClj and 625 yM EDTA appeared to be opti­
mal. No difference in activity was found when the cells were lysed 
by sonication or by freezing and thawing. Addition of di thioery thri-
tol, dithiothreitol or of BSA (5*, w/v) did not influence the enzyme 
activity. Since no difference in activity was found between a soni­
fied total lysate and its 7 000 g supernatant, the deoxyguanosine-
phosphorylating activity will be located in the cytosol. Therefore 
all activities were measured in 7 000 g superna tants. 
The highest deoxyguanosine kinase activity and the highest Km 
value were found with human lymphocytes (Table Θ.2). At 0.33 mM the 
phosphorylation rate of deoxyguanosine in extracts of ovine lympho­
cytes was comparable with that of guanosine. The deoxyguanosine 
kinase activity per mg protein at 0.33 mM was about 21 nmol per hr 
with extracts of human lymphocytes and about 7 nmol per hr with 
extracts of ovine lymphocytes and rat thymocytes. With extracts of 
ovine lymphocytes 0.5 mM guanine did not inhibit conversion of gu­
anosine and deoxyguanosine to nucleotides. In extracts of rat thy­
mocytes no guanosine phosphorylating activity was detectable. 
Table 8.2. Activities and Km values of nucleoside kinase(s) for 
guanosine and deoxyguanosine in 7 000 g supernatants 
from human and ovine lymphocytes and rat thymocytes 
Species Deoxyguanosine Guanosine 
Km Vmax Activity Activity 
(at 0.33 mM) (at 0.33 mM) 
Man 1565 ± 670 (3) ^ . 5 ± 1 . θ (3) 0.68 ± 0 J 3 ( Ό ОЛЬ ± (X05 ( Ό 
Sheep 101 ± 31 (3) 0.22+ CLIO (Э) (U9 + 00 8 (Ψ) U17±U05 (4) 
Rat 789 + 354 (3) 0 . 1 8 + 0 . 0 9 ( 3 ) 010 + 0j0 5 (8) <0.02 
A c t i v i t i e s ( i n nmol/hr per 10 6 c e l l s ) and Km values ( i n μΜ) are 
means ± SD f o r the number of i n d i v i d u a l s given i n parentheses. 
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θ . 3 . 2 . M e t a b o l i s m o f n u c l e o s i d e s by i n t a c t c e l l s 
W i t h I n t a c t c e l l s t h e r a t e o f p h o s p h o r y l y s i s ( T a b l e Θ.3) i s o n ­
l y a few p e r c e n t o f t h a t i n e x t r a c t s . F u r t h e r m o r e t h e d i f f e r e n c e i i n 
p h o s p h o r y l y s i s r a t e s b e t w e e n t h e v a r i o u s c e l l t y p e s a r e l e s s p r o n o u n ­
ced w i t h t h e i n t a c t c e l l s . W i t h i n t a c t r a t t h y m o c y t e s a b o u t Ί Ο * o f 
g u a n i n e f o r m e d f r o m g u a n o s i n e o r d e o x y g u a n o s i n e was d e a m i n a t e d t o 
x a n t h i n e . The r a t e o f p h o s p h o r y l a t i o n by i n t a c t c e l l s i n c l u d e s t h e 
i n c o r p o r a t i o n o f n u c l e o s i d e ( o r b a s e ) i n t o n u c l e o t i d e s and n u c l e i c 
a c i d s ( a c i d - i n s o l u b l e m a t e r i a l ) . The r a t e o f p h o s p h o r y l a t i o n o f d e ­
o x y g u a n o s i n e and g u a n o s i n e f o u n d w i t h i n t a c t c e l l s was c o m p a r a b l e 
i n m o s t c a s e s w i t h t h a t f o u n d w i t h e x t r a c t s . W i t h i n t a c t o v i n e l y m ­
p h o c y t e s t h e r a t e o f p h o s p h o r y l a t i o n was c o m p a r a b l e w i t h t h e r a t e 
T a b l e 8 . 3 . M e t a b o l i s m o f d e o x y g u a n o s i n e , g u a n o s i n e and i n o s i n e i n 
i n t a c t human and o v i n e l y m p h o c y t e s and r a t t h y m o c y t e s 
and t h e e f f e c t o f h y p o x a n t h i n e 
S p e c i e s S u b s t r a t e P h o s p h o r y l y s i s r a t e P h o s p h o r y l a t i o n r a t e 
Man D e o x y g u a n o s i n e 1 . 9 6 ± 0 . 5 0 ( 8 8 1 1 7 ) 
G u a n o s i n e 1.58 ± 0 . 7 5 (106 ± 7) 
I n o s l n e ? . 6 8 ± 0 . 5 7 ( 6 * ± 2 0 ) 
ОДЗ* ± OJO^S ( 3 9 ± 2 0 ) 
OJitS ± (X092 ( 4 5 ± 1 9 ) 
0 0 6 9 ±0.02 6 ( 7 ± 1 ) 
Sheep D e o x y g u a n o s i n e 0 . 5 < t ± 0 . 2 9 ( 8 8 ± 1 8 ) 0178 ± 0Λ52 ( 3 9 ± 1 3 ) 
G u a n o s i n e 0 . 6 9 ± 0 . 2 5 ( 8 6 ± 1 9 ) Q¿35±QX>95 ( 5 6 ± 2 6 ) 
I n o s l n e 0 . 8 8 ± 0 . 1 5 (34 ± 4 ) 0107 ± 0 Λ 3 1 ( 7 ± 3) 
R a t D e o x y g u a n o s i n e 0 . 5 2 ± 0 . 2 4 ( 1 0 4 ± 4 5 ) 0j09 8 ± U0 70 ( 5 4 ± 3 1 ) 
G u a n o s i n e 0 . 9 5 ± 0 . 1 8 ( 7 4 ± 2 3 ) 0 0 2 1 ± 01)0 7 ( 6 4 ± 3 8 ) 
I n o s l n e 1.49 ± 0 . 1 3 ( 3 6 ± 6) 0 0 5 6 ± 0 0 1 2 ( 7 ± 1) 
R a t e s ( i n nmol o f p r o d u c t i s ) f o r m e d p e r h r p e r 1 0 6 c e l l s ) a r e means ± 
SD f o r 3-6 e x p e r i m e n t s . The p r o d u c t s o f p h o s p h o r y l y s i s a r e g u a n i n e 
and x a n t h i n e o r h y p o x a n t h i n e . P h o s p h o r y l a t i o n p r o d u c t s I n c l u d e 
n u c l e o t i d e s and t h e a c i d - i n s o l u b l e m a t e r i a l . The v a l u e s i n t h e p r e ­
s e n c e o f 0 . 5 mM h y p o x a n t h i n e a r e g i v e n b e t w e e n p a r e n t h e s e s i n % o f 
t h e c o n t r o l a c t i v i t y . C o n c e n t r a t i o n o f g u a n o s i n e and d e o x y g u a n o ­
s i n e was 245 uM and t h a t o f i n o s i n e 142 uM. 
o f p h o i p h o r y l y s i s a t l o w d e o x y g u a n o s i n e c o n c e n t r a t i o n ( F i g . 8 . 1 A ) . 
W i t h i n t a c t human l y m p h o c y t e s and r a t t h y m o c y t e s p h o s p h o r y l y s i s o f 
d e o x y g u a n o s i n e was h i g h e r t h a n p h o s p h o r y l a t i o n a t a l l c o n c e n t r a t i o n s 
( F i g . 8 . 1 B 4 C ) . G u a n o s i n e and i n o s i n e were a l s o i n c o r p o r a t e d i n t o 
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nuc leo t i des and n u c l e i c ac ids of i n t a c t c e l l s (Table 8 . 3 ) , a l though 
the ra te of phosphory lys is was much h ighe r . 
Phosphory la t ion of deoxyguanosine, guanosine and i nos ine i n i n -
t a c t c e l l s could be mediated by phosphory lys is and subsequent conver-
sion of the base by HGPRT.This enzyme has a marked a c t i v i t y i n human 
and ovine lymphocytes (chapter 2 ) . Hypoxanthine and guanine are com-
parable subs t ra tes and do not only compete f o r the same s i t e on the 
enzyme, but also f o r the second subs t ra te PRPP. Hypoxanthine and 
guanine formed from inos ine and deoxyguanosine or guanosine can 
reach a maximal concen t ra t i on of 100 μΜ ( w i t h i n t a c t human lympho­
c y t e s ) a t the end of the i n c u b a t i o n . We added 0.5 mM n o n - r a d i o a c t i v e 
hypoxanthine or guanine t o the r e a c t i o n m i x t u r e to suppress p o s s i b l e 
conversion of the r a d i o a c t i v e bases by HGPRT. I n c o r p o r a t i o n of 
{ 8 - 1 "Clhypoxanthine (0.5 mM) i n t o t o t a l n u c l e o t i d e s and n u c l e i c 
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a c i d s amounted t o about 120, 78 and 40 pmol per hr per 10 E c e l l s 
f o r human and ovine lymphocytes and r a t thymocytes, r e s p e c t i v e l y . 
Hypoxanthlne d i d not i n h i b i t p h o s p h o r y l y s l s o f guanosine and deoxy-
guanoslne, but p h o s p h o r y l y s l s of i n o s i n e was s i g n i f i c a n t l y i n h i b i t e d 
(Table 8 . 3 ) . A f t e r a d d i t i o n of hypoxanthlne no i n c o r p o r a t i o n o f the 
base u n i t of deoxyguanosine, guanosine or i n o s i n e i n t o n u c l e o t i d e s 
was f o u n d . The i n c o r p o r a t i o n of guanosine and deoxyguanosine i n t o 
a c i d - i n s o l u b l e m a t e r i a l was c o n s i d e r a b l y reduced, and t h a t of i n o s i n e 
almost complete ly i n h i b i t e d . With i n t a c t ov ine lymphocytes 0.5 mM 
guanine i n h i b i t e d by about 50% i n c o r p o r a t i o n of deoxyguanosine and 
guanosine i n t o n u c l e o t i d e s and n u c l e i c a c i d s . This i n d i c a t e s t h a t 
a t l e a s t a p a r t of the found p h o s p h o r y l a t i o n of guanosine and deoxy­
guanosine w i t h i n t a c t c e l l s i s due to the route of PNP and HCPRT. 
This r o u t e probably complete ly accounts f o r the i n o s i n e i n c o r p o ­
r a t i o n . No i n o s i n e k inase appears to be p r e s e n t . 
8 . 3 . 3 . I n f l u e n c e of (deoxyJnucleosides on m i t o g e n i c s t i m u l a t i o n 
C u l t u r e c o n d i t i o n s o p t i m i z e d f o r { б - 3 H } t h y m i d i n e i n c o r p o r a t i o n 
were used to study the e f f e c t s of ( d e o x y ( n u c l e o s i d e s on PHA-stimula-
t i o n o f human and ovine lymphocytes. I n a c t i v a t e d horse serum was 
used i n a l l c u l t u r e s s ince i t showed the l o w e s t PNP a c t i v i t y , even 
lower than i n a c t i v a t e d lamb serum. With r a t thymocytes no a p p r o p r i ­
ate s t i m u l a t i o n index ( r a t i o of r a d i o a c t i v i t y i n c o r p o r a t e d i n t o 
c u l t u r e s w i t h mitogen to t h a t i n c u l t u r e s w i t h o u t mi togen) could be 
obta ined w i t h PHA e i t h e r i n MEMS or RPMI 1640 medium. Since best r e ­
s u l t s were obta ined w i t h Con-Α s t i m u l a t i o n i n RPMI 1640 medium, t h e ­
se c o n d i t i o n s were used to study the e f f e c t s of (deoxy)nucleosIdes 
on r a t thymocytes. S t i m u l a t i o n index f o r human lymphocytes was h i g ­
her than 31 w i t h thymid ine and h i g h e r than 10 w i t h u r i d i n e . For 
ovine lymphocytes s t i m u l a t i o n index was h igher than 10 and f o r r a t 
thymocytes h igher than 30 w i t h t h y m i d i n e . 
I n o s i n e and deoxyinoslne had a comparable e f f e c t on thymidine 
and u r i d i n e i n c o r p o r a t i o n of PHA-stimulated lymphocytes of man 
( F i g . 8 . 2 ) . With human and ovine lymphocytes 500 (jM deoxyinoslne 
caused about 50% i n h i b i t i o n of i n c o r p o r a t i o n i n c o n t r a s t to i n o s i n e . 
Guanosine ( !>00 μΜ) and deoxyguanosine i n h i b i t e d thymidine i n c o r p o r a ­
t i o n of PHA-stimulated human lymphocytes more than u r i d i n e i n c o r p o ­
r a t i o n ( F i g . 8 . 3 ) . At lower c o n c e n t r a t i o n s no s i g n i f i c a n t i n h i b i t i o n 
was observed. I n h i b i t i o n at 500 μΜ guanosine and deoxyguanosine was 
h igher w i t h human ( F i g 8.3) than w i t h ovine lymphocytes ( F i g . 8 . 4 ) . 
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The e f f e c t s o f i n o s i n e , g u a n o s l n e and t h e i r d e o x y c o m p o u n d s on human 
l y m p h o c y t e s s t i m u l a t e d w i t h Con-Α i n RPMI-1640 medium w e r e c o m p a r a ­
b l e w i t h t h o s e on P H A - s t i m u l a t e d c e l l s . W i t h r a t t h y m o c y t e s no i n h i ­
b i t i o n o f Con-Α s t i m u l a t e d t h y m i d i n e i n c o r p o r a t i o n was f o u n d a t 50 
цМ i n o s i n e and d e o x y i n o s i n e and a t 50 and 500 μΜ g u a n o s l n e ( F i g . 
8 . 5 ) . T h y m i d i n e i n c o r p o r a t i o n was m o d e r a t e l y i n h i b i t e d a t 500 uM 
i n o s i n e and d e o x y i n o s i n e and a t 50 μΜ d e o x y g u a n o s i n e , b u t i t was 
c o m p l e t e l y i n h i b i t e d a t 500 μΜ d e o x y g u a n o s i n e . 
8 . 4 . D i s c u s s i o n 
A c t i v i t i e s o f PNP i n mammal ian l y m p h o c y t e s w i t h i n o s i n e as a 
s u b s t r a t e a r e d i s c u s s e d i n c h a p t e r 5 . No s i m u l t a n e o u s m e a s u r e m e n t s 
o f a c t i v i t i e s and Km v a l u e s w i t h i n o s l n e , g u a n o s l n e and d e o x y g u a n o ­
s i n e have been r e p o r t e d f o r l y m p h o c y t e s . The a c t i v i t y w i t h g u a n o s l n e 
as s u b s t r a t e i n human l y m p h o c y t e s r e p o r t e d by N o r t h e t a l . ( 2 5 3 ) 
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and Snyder et al. (343) is comparable with our value. For crude and 
purified PNP preparations from other sources (erythrocytes, hepato­
ma cells, leukemic granulocytes and murine spleen) Km values for 
inosine ranging from 18 to 300 цМ have been reported (30, 107, 199, 
228, 317, 350, 412, 413). The Km value for deoxyguanosine in human 
T-lymphocytes (73) is comparable with our values in unseparated hu­
man and ovine lymphocytes. In human erythrocytes and leukemic granu­
locytes (350, 412) Km values for guanosine and deoxyguanosine rang­
ing from 32-240 μΜ were found. With extracts from these cell types 
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the activity with deoxyguanosine is about half of the activity with 
Inosine. We found the same with lysates of human lymphocytes (Table 
8.1) and intact human lymphocytes and rat thymocytes (Table 8.3). 
North et al. (253) also found a higher activity of PNP with inosine 
as a substrate for extracts of human lymphocytes. 
Activities of deoxyguanosine kinase in human lymphocytes repor­
ted by other investigators (46, 253, 254, 314) are comparable with 
our results. No data are available for the other species. Various 
Km values for deoxyguanosine have been reported for the purified 
calf thymus enzyme ranging from about 200 pM (181, 203) to 1.1 mM 
(205) and 3 mM (201). For human thymus and murine thymocytes Km 
values of 400 and 80 pM, respectively, were reported (46, 216), 
which are below our values in human lymphocytes and rat thymocytes. 
In calf thymus deoxycytidine was a better substrate for the enzyme 
than deoxyguanosine (203). In human thymus comparable activities 
and kinetics were found for deoxyguanosine and deoxyadenosine (46). 
With extracts from human lymphocytes the phosphorylation rate of 
deoxyguanosine was higher than that of deoxyadenosine, but the Km 
value for deoxyadenosine was much lower (chapter 5). All the puri­
fied enzymes did not catalyze guanosine phosphorylation, but lysates 
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of human and ovine lymphocytes contained a guanosine phosphorylating 
activity. The rate of phosphorylation of guanosine was below the 
lower limit of detectabi li ty with extracts of rat thymocytes. With 
extracts of human and ovine lymphocytes the guanine nucleotides will 
probably not be formed from guanosine by phosphorylysi s to guanine 
and subsequent conversion by HGPRT, since the endogenous lymphocyte 
pool of PRPP delivers only about 10 pmol PRPP to the incubation mix-
ture (chapter 2) and PRPP synthesis will not be likely because no 
phosphate and rlbose 5-P are added to the enzyme assay. Furthermore 
guanine did not influence phosphorylation of guanosine and deoxy-
guanosine. 
Studies on the metabolism of deoxyguanosine by intact cells 
have been limited to the measurement of dGTP that accumulates in 
human lymphocytes (67, 195, 362), human and murine thymocytes (^9, 
195), mouse lymphoma cells (53, 127, 389) and human T-lymphoblast 
lines (*9, 235, M * ) . Only Hunting et al. (17*) measured most meta-
bolites in CHO cells that can be formed from deoxyguanosine. We 
confirmed the results of these authors that deoxyguanosine can be 
phosphorylated, and in addition is used for DNA synthesis. Further-
more we demonstrated that the rate of phosphorylysis exceeds the 
rate of phosphorylation, except in ovine lymphocytes at 17 uM deoxy-
guanosine. Chan (53) demonstrated with murine 5-49 cells that deoxy-
guanosine does not markedly elevate the GTP level, but caused a 
sharp rise in the dGTP concentration. Hypoxanthine did not influen-
ce these changes. 
In our cell systems hypoxanthine and guanine inhibited the phos-
phorylation of guanosine and deoxyguanosine. The residual activity 
in the presence of hypoxanthine will predominantly represent real 
deoxyguanosine and guanosine kinase activity, since hypoxanthine 
suppresses incorporation via guanine. A small amount of inosine may 
be phosphorylated directly since the non-radioactive hypoxanthine 
did not inhibit all incorporation of inosine into nucleic acids. 
Müller et al. (239) found a comparable utilization rate of hypoxan-
thine and guanine in intact human lymphocytes as we did for hypoxan-
thine. This route accounts mainly for the incorporation of inosine. 
The existence of an inosine kinase in mammalian tissues is still 
debatable (2*, 42, 46, 216, 265). 
The low rate of inosine incorporation correlates with the minor 
effects of inosine at concentrations up to 1 mM on PHA-stimulation 
of human lymphocytes that were also found by other investigators 
(106, 119, 120, 254, 279) and with the minor effects on cell growth 
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of several kinds of lymphoma c e l l s (47, 53, 127, 254). With PHA-
st lmulated porcine lymphocytes 100 gM i n o s i n e or hypoxanthine even 
increased thymidine i n c o r p o r a t i o n more than 3-fold (chapter 7 ) . De-
oxyinosine had an i n h i b i t o r y e f fect on PHA-stlmulation of human lym­
phocytes (48, 254, and Fig. Θ.2). The growth of a HCPRT-deficient 
human lymphoblastoid c e l l l i n e was unaffected by e i t h e r inos ine 
or guanosine, but i n h i b i t e d by deoxyguanoslne and deoxyinosine (46) . 
No d i f ferences in the e f f e c t s of guanosine and deoxyguanoslne on thy­
midine, u r i d i n e and/or l euc ine incorpora t ion were also found by Sa-
kura et a l . (314) and Cowan e t a l . (73) . Deoxyguanoslne was always 
more i n h i b i t o r y than guanosine in human lymphocytes (73, 254, 314, 
and Fig. Θ.3). Ochs e t a l . (254) and Cohen e t a l . (67) found com­
parable e f f e c t s of guanosine and deoxyguanoslne on thymidine incor­
porat ion of PHA-stimulated human lymphocytes as we. Sakura e t a l . 
(314) found only i n h i b i t i o n by guanosine in T-ce l l s and not in B-
r e l l s and a higher s e n s i t i v i t y to deoxyguanoslne in T - c e l l s . The 
r a t e of i n h i b i t i o n by guanosine and deoxyguanosine reported by Cowan 
et a l . (73) was lower, probably because they measured thymidine i n ­
corporat ion a f t e r 7 days. I n h i b i t i o n by adenosine and deoxyadenosine 
of thymidine i n c o r p o r a t i o n was more pronounced at s h o r t e r incubat ion 
times (152, 221, chapter 7 ) . 
In c o n t r a s t to comparable experiments with ADA i n h i b i t o r s (chap­
t e r 7 ) , i t did not appear poss ib le to d i f f e r e n t i a t e between the ef­
f e c t s of guanosine and deoxyguanosine by i n h i b i t o r s of PNP, as for-
mycin В and a l l o p u r i n o l r i b o s i d e . These enzyme i n h i b i t o r s themselves 
cause considerable i n h i b i t i o n of thymidine incorpora t ion (73, 249, 
25Θ, 314, 413). A combination of formycin В and deoxyguanoslne did 
not give higher i n h i b i t i o n than deoxyguanosine alone (73) . 
Ovine lymphocytes and r a t thymocytes have not been used prev i­
ously to study the e f f e c t s of guanosine and deoxyguanosine. Although 
ovine lymphocytes have a very low PNP a c t i v i t y and i n c o r p o r a t e gua­
nosine and deoxyguanosine at a comparable r a t e as human lymphocytes, 
they show a comparable s e n s i t i v i t y to guanosine, but a lower s e n s i ­
t i v i t y to deoxyguanosine. Since ovine lymphocytes have lower l e v e l s 
of GTP than human, equine and porcine lymphocytes (chapter 9 ) , they 
appear to d i f fe r in r e g u l a t i o n of guanine nuc leot ide metabolism. 
The s e n s i t i v i t y of r a t thymocytes i s lower than t h a t found with 
human thymocytes (67), but comparable or higher than with PHA- or 
Con-Α s t imulated human lymphocytes (67, Fig. 8 . 3 ) . The d i f f e r e n t 
s e n s i t i v i t y to guanosine and deoxyguanosine can be explained by the 
fact t h a t r a t thymocytes can only phosphorylate guanosine to a low 
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extent , but have a higher capacity to phosphorylate deoxyguanosine. 
Rat thymocytes appear to be a useful system to study the e f f e c t s of 
deoxyguanosine, since precursors of the T - c e l l s may be p r i m a r i l y 
a f f e c t e d in chi ldren with PNP deficiency ( 6 7 ) . Furthermore the Τ 
and В lymphoblasts that are frequently used to study the e f f e c t s of 
purine deoxynurleosides are rapidly growing c e l l s . Spontaneously 
div iding human thymocytes are more sensit ive to deoxyguanosine than 
PHA-stimulated thymocytes ( 6 7 ) , but purine deoxynucleosides are 
also toxic to non-dividing peripheral lymphocytes and thymocytes 
( 1 9 5 ) . Therefore the e f f e c t s of deoxynucleosides are not only medi­
ated by i n h i b i t i o n of r ibonucleotide reductase by accumulated dNTP, 
but one or more other mechanisms are involved. One of these mecha­
nisms may be i n h i b i t i o n of methylatlon reactions caused by accumu­
l a t i o n of SAH ( Ι ^ Ό . This mechanism can play a rolß in PNP de f ic ien -
cy (1^6, 190) since inosine can i n h i b i t SAH hydrolase in the presen-
ce of phosphate ( І ^ б ) . Other possible mechanisms involve i n h i b i t i o n 
of PRPP synthesis by accumulated nucleotides (chapter 3) and i n h i b i ­
tion of pyrimidine nucleotide synthesis ( 1 1 0 , chapter 4 ) . The use 
of r a t thymocytes, with t h e i r low PNP a c t i v i t y and r e l a t i v e l y high 
s e n s i t i v i t y to deoxyguanosine, may help to get f u r t h e r i n s i g h t in 
the mechanism of purine deoxynucleoside t o x i c i t y . 
8 . 5 . Summary 
1. Activity of PNP in lymphocytes of man was higher with Inosine 
than with guanosine and deoxyguanosine as substrates. Ovine lympho­
cytes showed a comparable PNP activity with inosine, guanosine and 
deoxyguanosine. The activity is about 5% of that in human lymphocy­
tes. Rat thymocytes have a comparable, low PNP activty. 2. Km 
values for Inosine and guanosine in ovine lymphocytes (about 50 μΜ) 
were lower than in human lymphocytes (about 100 yM). Km values for 
deoxyguanosine were comparable (about 100 μΜ) in the cells of the 
three species. 3. The rate of phosphorylation of deoxyguanosine 
was much lower than the rate of phosphorylysis in extracts of human 
and ovine lymphocytes and rat thymocytes. This was also found with 
intact cells. 4. Deoxyguanosine, guanosine and inosine were incor­
porated by intact cells into nucleotides and nucleic acids. The in­
corporation of deoxyguanosine and guanosine was at least partially 
due to phosphorylysis and subsequent conversion by HGPRT. The incor­
poration of inosine appeared to be completely due to this route. 
5. Inosine (0.5 mM) did not inhibit thymidine incorporation of PHA-
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s t i m u l a t e d human and ovine lymphocytes. With both species the sane 
c o n c e n t r a t i o n of deoxyinosine r e s u l t e d i n b0% i n h i b i t i o n . Guanosine 
and deoxyguanosine (0.5 mM) i n h i b i t e d almost complete ly thymidine 
i n c o r p o r a t i o n . Thymidine i n c o r p o r a t i o n o f Con-Α s t i m u l a t e d r a t t h y ­
mocytes was h a r d l y i n h i b i t e d by 0.5 mM i n o s i n e , deoxyinosine and 
guanosine, but 50 yM and 0.5 mM deoxyguanosine caused 25% and com­




CONCENTRATION OF NUCLEOTIDES AND DEOXYNUCLEOTIDES IN PERIPHERAL AND 
PHA STIMULATED MAMMALIAN LYMPHOCYTES 
EFFECTS OF ADENOSINE AND DEOXYADENOSINE 
9.1. Introduction 
Measurement of intracellular pools of nucleotides is an impor-
tant tool in the study of regulation of cellular metabolism. Pools 
of ribonucleotides and deoxyrlbonucleotides are disturbed in eryth-
rocytes and lymphocytes of patients with ADA deficiency associated 
with SCID (85, 175, 318) and in lymphoblasts of leukemia patients 
(79). Cell systems that are incubated with adenosine or deoxyadeno-
sine with or without ADA inhibitors show alterations in ribonucleo-
tide and deoxyrJbonucleotide pools (^ 7, 49, 173, 262). 
Several differences in purine and pyrimidine metabolism of 
erythrocytes of various mammalian species exist (363, 368, chapter 
5) and may be associated with marked differences in adenine and gu-
anine nucleotide pools of these erythrocytes CfO, 222). However, in 
erythrocytes no nucleotide pools for the synthesis of DNA and RNA 
have to be maintained. 
Equine and porcine lymphocytes have a low ADA activity (chapter 
5) comparable to that in lymphocytes of patients with ADA deficiency 
(261). Lymphocytes of horse and pig also show other marked differen-
ces in the enzymes of purine and pyrimidine metabolism (chapters 2, 
3, 5) in comparison to that of man. Furthermore ovine lymphocytes 
and rat thymocytes have a very low PNP activity (chapter 5, 8). 
Therefore it would be of interest to measure the concentrations of 
ribonucleotides in the lymphocytes of man, horse, pig and sheep and 
in rat thymocytes with the same method. The use of advanced HPLC 
techniques (79) permitted measurement of all pyrimidine and purine 
nucleotides in one single run. 
Adenosine and deoxyadenosine are toxic to many kinds of cells 
(138, 139), Including human and equine lymphocytes (221, 223, chap-
ter 7) but these nucleosides increased uridine, thymidine and leu-
cine incorporation of PHA-stimulated porcine lymphocytes (chapter 
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7 ) . Prelimary experiments indicated that dATP concentrations were 
increased with lymphocytes of man, horse and pig after incubation 
with deoxyadenosine and PHA. With a sensitive dNTP assay (172) we 
measured dATP and TTP pools in peripheral and PHA-stlmul a ted lym­
phocytes with and without adenosine or deoxyadenosine. Furthermore 
the ATP concentration was measured in these cells by the luciferin-
luciferase assay. 
9.2. Materials and methods 
9 . 2 . 1 . M a t e r i a l s 
The o r i g i n o f c h e m i c a l s used f o r HPLC i s d e s c r i b e d p r e v i o u s l y 
( 7 9 ) . D ( - ) l u c i f e r i n, l u c i f e r a s e ( f r o m P h o t l n u s p y r a j i s ) , p o l y d ( A - T ) , 
DNA p o l y m e r a s e I ( f r o m E^_ c o l i ) , TTP and dATP were f r o m B o e h r i n g e r , 
M a n n h e i n , FRC. D e o x y { 8 - 3 H } T T P and d e o x y { 8 - 3 H } A T P were f r o m t h e R a d i o ­
c h e m i c a l C e n t r e , Amersham, UK. O r i g i n o f t h e o t h e r c h e m i c a l s and me­
d i a needed f o r l y m p h o c y t e c u l t u r e s i s d e s c r i b e d i n c h a p t e r 6 . B l o o d 
s a m p l e s were t a k e n i n h e p a r i n i z e d b o t t l e s f r o m a d u l t h o r s e s ( E q u u s 
c a b a l l u s ) , p i g s (Sus s c r o f a ) and s h e e p ( O v i s a r i es ) • 
9 . 2 . 2 . P r e g a r a t i o n o f e x t r a c t s and HPLC a n a l y s e s 
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e o t i d e s were s e p a r a t e d u s i n g a 
The dNTP a s s a y d e s c r i b e d by H u n t i n g & H e n d e r s o n ( 1 7 2 ) was u s e d 
w i t h a s l i g h t m o d i f i c a t i o n . DNA p o l I f r o m E^ c o l i ( 7 5 u n i t s / m l ) 
was s t o r e d i n 50 mM T r i s - H C l ( p H 7.Θ) w i t h 12 mg B S A / m l ; p o l y d ( A - T ) 
(2 u n i t s A 2 6 0 / m l ) i n 100 mM Hepes (pH 7 . f ) w i t h 0 . 1 mM EDTA. The r e ­
a c t i o n m i x t u r e ( 1 8 0 u l ) c o n t a i n e d 0 . 0 2 a b s o r b a n c e u n i t s ( A 2 6 0 ) p o l y 
d ( A - T ) , 1.8 umol M g C l j , 1.8 umol dAMP, 9h pmol { 8 - 3 H } T T P (8 m C i / m m o l ) 
o r d e o x y { 8 - 3 H } A T P (8 m C i / m m o l ) , 0 . 6 6 mg BSA and 0 - 4 0 μΐ e x t r a c t o r 
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s t a n d a r d and was b u f f e r e d w i t h 100 mM Hepes (pH 7 . 4 , 3 7 0 C ) . The r e ­
a c t i o n was s t a r t e d by a d d i t i o n of 0 . 7 5 u n i t DNA pol I and i n c u b a t e d 
i n a s h a k i n g w a t e r - b a t h a t 37 C. A f t e r 20 and 30 min 50 ul s a m p l e s 
were t a k e n and p i p e t t e d i n t o a we l l of a 9 6 - w e l l m i c r o t i t e r t e k p l a t e 
c o n t a i n i n g 100 \il of i c e - c o l d TCA (7.5Ж) and 3% sodium p y r o p h o s p h a t e . 
The d e n a t u r e d h i g h - m o l e c u l a r m a t e r i a l was p r e c i p i t a t e d on a g l a s s -
f i b e r f i l t e r by t h e u s e of a c e l l h a r v e s t e r (Flow L a b o r a t o r i e s , I r ­
v i n e , UK) w i t h 5 S i c e - c o l d TCA d u r i n g 15 s e c . The f i l t e r s were wa­
shed w i t h d i s t i l l e d w a t e r , d r i e d and r a d i o a c t i v i t y was m e a s u r e d a s 
d e s c r i b e d i n c h a p t e r 6 . 
9 . 2 . 4 . Luci f e r l n - l u c i f e r a s e a s s a ^ 
The c o n c e n t r a t i o n of ATP was a l s o m e a s u r e d w i t h a l u c i f e r i n -
l u c i f e r a s e a s s a y i n a Lumac c e l l - t e s t e r M 1030. D ( - ) l u c i f e r i n ( 1 
mM) was a l w a y s f r e s h l y p r e p a r e d i n 0 . 1 M T r i s - a c e t a t e (pH 7 . 5 ) . A 
c o n c e n t r a t e d l u c i f e r a s e s u s p e n s i o n ( 2 . 3 2 mg/ml i n 0 . 5 M T r i s - a c e t a t e , 
pH 7 . 5 ) c o u l d be s t o r e d a t -20 С f o r s e v e r a l m o n t h s w i t h o u t d e t e c t a ­
b l e l o s s of a c t i v i t y . The c u v e t c o n t a i n e d 100 pi 50 mM T r i s - H C l (pH 
7 . 4 ) , 10 mM MgCl2 and t h e e x t r a c t (0-10 p i ) . R e a c t i o n was s t a r t e d 
by a d d i n g 50 nmol D ( - ) l u c i f e r i n and 0 .46 pg l u c i f e r a s e i n 100 ul 
of a s o l u t i o n c o n t a i n i n g 50 mM T r i s - H C l , 100 mM T r i s - a c e t a t e ( f i n a l 
pH 7 . 5 ) and 5 mM MqCJj. The t e m p e r a t u r e of t h e r e a c t i o n s h o u l d be 
k e p t c o n s t a n t and n o t exceed 20 С L u m i n i s c e n c e of t h e f i r s t 5 s e c 
was i n t e g r a t e d . ATP c o n c e n t r a t i o n s c o u l d be c a l c u l a t e d from a c a l i ­
b r a t i o n c u r v e or by u s e of an I n t e r n a l s t a n d a r d of ATP t h a t was ad­
ded t o t h e e x t r a c t when I t was measured f o r t h e second t i m e . 
9.2.5. Çel^çultures 
Cell cultures were performed as described in chapter 6. At 24 
and 4Θ hr after starting the cultures the cells of several wells 
were pooled, centrifuged and extracted as described above. Thymidine 
incorporation was measured at 27 and 51 hr after starting the cul­
tures as described In chapter 7. A concentration of 2.6 pM {6- 3H}-
thymidine (3.3 Cl/mmol) was present during the last 6 hr of culture. 
9.3. Results 
9.3.1. Concentrations of ribonucleotides 
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Table 9.1. Concentrations of ribonucleotides In PBL of man, horse, 
pig and sheep and in rat thymocytes 























































































































































95 ± 1* 
237 ± 33 
1* ± 3 
32 ± 7 
80 ± 11 
11 ± * 
27 ± 5 
2* ± 6 
53 ± 8 
105 ± 19 
-
Values (in pmol/106 cells) are means±SD for the number of individu­
als Indicated within parentheses. 
Concentrations of all ribonucleotides in PBL and thymcoytes were de­
termined with HPLC. Qualitative identification, quantitation and re­
covery of nucleotides were previously described (79). ATP determina­
tions with Juciferin-]uciferase assay correlated well with the data 
of HPLC. The procedures for the isolation of lymphocytes and extrac­
tion were comparable for the various species (chapter 5), thus dif­
ferences found can considered to be species-related. ATP was the 
most predominant ribonucleotide in lymphocytes of all species and 
in rat thymocytes (Table 9.1). Its concentration was highest in lym­
phocytes of pig and lowest in rat thymocytes. The concentration of 
ADP was also highest In porcine lymphocytes. The concentration of 
CTP was comparable in lymphocytes of man, horse and pig, but lower 
in those of sheep and in rat thymocytes. The concentrations of the 
other purine and of the pyrimidine nucleotides were comparable be­
tween the lymphocytes of the various species. 
The TP/DP ratios and the energy charge give indication on the 
metabolic state of the cell. Equine lymphocytes showed the highest 
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Tabi e 9.2. Energy charge and nucleoside triphosphate/nucleoside di­





Adenine Guanine Uracil Cytosine 
Man (7) TP/DP 2.7 ± 0.7 
EC 0.8* ± 0.03 
Horse (10) TP/DP 5.* ± 1.6 
EC 0.8Θ ± 0.03 
Pig (10) TP/DP 2.6 ± 0.7 
EC 0.83±0.03 
Sheep (6) TP/DP *.7 ± 2.2 
EC 0.8^ + 0.10 
Rat (5) TP/DP 2.5 ± 0.3 
EC 0.71 ± 0.05 
3.2 ± 1.* 
0.84 ± 0.07 
6.2 ± 2.7 
0.87 ± 0.07 
3.7 ± 1.1 
0.83 ± 0.06 
b.k ± 1.7 
0.86 ± 0.05 
2.6 ± 0.3 
0.76 ± 0.02 
8.* ± 2.9 
0.91 i 0.09 
10.5 ± Ψ.1 
0.94 ± 0.04 
6.0 ± 3.5 
0.91 ±0.04 
8.4 ± 4.2 
0.94 ±0.02 
2.3 ± 0.6 
0.86 ± 0.02 
5.8 ± 3.8 
0.88 i 0.05 
3.0 ± 1.1 
0.87 ± 0.04 
3.2 ± 2.3 
0.87 ± 0.06 
2.6 + 0.8 
0.85 ±0.03 
2.6 ± 0.9 
0.86+0.04 
Values are means ± SD and are calculated from nucleotide concentra­
tions. The number of individuals is given within parentheses. EC, 
energy charge (TP + i DP / TP + DP + M P ) ; TP/DP, nucleoside triphos­
phate/nucleoside diphosphate ratio. 
ATP/ADP and CTP/GDP ratio (Table 9.2). The ratios for the other nu­
cleotides were comparable in lymphocytes of the four species; the 
highest ratio was found for the uracil nucleotides. The energy char­
ge for the purine and cytosine nucleotides was comparable in lym­
phocytes of the four species. The highest energy charge was found 
with uracil nucleotides. 
9.3.2. Concentrations of dNTP 
TTP and dATP were determined with the DNA polymerase assay. In 
order to check stability of dNTP under experimental conditions stan­
dard amounts of dATP and TTP were added to the cell suspension be­
fore extraction and to the reaction mixture. The recovery of the ad­
ded dNTP was in both cases higher than 90*. The DNA polymerase reac­
tion was proportional with the amount of extract. The increase of 
the amount of radioactivity incorporated to the poly d(A-T) template 
was comparable to that measured in the calibration curve after cor-
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^ T a b l e 3 C o n c e n t r a t i o n s of dATP and TTP i n p e r i p h e r a l and P H A - s t i m u l a t e d mammalian l y m p h o c y t e s 
Time р
Н Д
 Man Horse Pig 
(hr ) 
dATP TTP dATP TTP dATP TTP 
0 Mean L7 ± 06 ( 7 ) U ± U ( 7 ) 0,7 + 03 (7) LO ± 08 ( 7 ) ZD ± 1A (9 ) LO ± 05 ( 9 ) 
Range 0 9 - 2 . 3 0 9 - « ) O^-LZ 0 1 - 2 . 3 O S - O OA - LS 
2t - Mean 2A ± L9 ( 5 ) 12 ± IB ( 6 ) 08 i OA (6) U * 1Л (*) 09 ± OS ( 7 ) L3 ± 06 ( 8 ) 
Range IS - 62 1 5 - 6 Л 0 3 - L 5 <X1 - Z£ 03 - US U 2 - 2 J 
+ Mean L 6 ± L 2 ( 5 ) 2 Л ± ^ 6 ( б ) UD±0ü6 (7) LI t ID (6) L 9 ± 1 A ( 8 ) 1 3 + 0 7 (8) 
Range O * - ^ ljO-5.7 U 2 - 2 J 0 . 2 - 2 3 u ' f - ' tó 0 8 - 2 3 
^8 - Mean 2Я ± 2J. ( 6 ) 310 ± LB (6) L2 ± LO (5) - (5 ) 07 ± 03 (6 ) 0 8 + 0 5 ( 6 ) 
Range L2-7j0 Ц - 8 А 0 6 - 2 9 ND-L9 О З - І Л U Z - U 
+ Mean 19 ± 2.7 ( 6 ) 11 ± 2J ( 6 ) U ± 09 (7) L6 i 08 ( 6 ) 1¿ ± 08 (8) L.7 ± 06 (8) 
Range JL3-a.7 0 5 - 6 6 0 2 - 2 3 QA-25 OA - 2S Q 9 - 2 A 
t 
Values (in pmol/106 cells) are means ± SD for the number of individuals Indicated within parenthe-
ses. Most cultures were from the same lymphocyte preparation. ND, not detectable. 
correction for fhe blancs. Values presented In Tables 9.3 and 9.5 
were not corrected for loss during the assay and some dilution of 
the radioactive label by the endogenous dNTP. This dilution could 
be neglected because endogenous pools of TTP and dATP were always 
less than 5% of the added radioactive amount, even when dATP concen­
trations were markedly elevated. 
Concentrations of dATP and TTP in peripheral and PHA-stimula-
ted lymphocytes are given in Table 9.3. Only cultures were used that 
showed an appropriate thymidine incorporation, when measured after 
2 days. The stimulation index was higher than 37 for human, higher 
than 10 for equine and higher than 16 for porcine lymphocytes. Thy­
midine incorporation amounted to more than 30 000 dpm for human, to 
more than 12 000 dpm for equine and to more than 70 000 dpm for porci­
ne PHA-stimulated lymphocytes. No differences in dATP and TTP concen­
trations were noted between PBL and cultured lymphocytes of horse 
and pig with and without PHA. In cultured human lymphocytes the con­
centration of TTP seemed to be higher than in PBL. The concentration 
of dATP in rat thymocytes was 1.6±0.* and that of TTP 4.6 ±0.7 
pmol/10 6 cells (means± SD of 5 rats) 
9.3.3. Concentration of ATP in cultured cells 
The ATP concentration was measured in PBL and cultured cells by 
the luciferin-luciferase assay. This assay is much faster and more 
sensitive than the HPLC method for single ATP determinations. With 
all species the ATP concentrations decreased during culturing as 
well in the presence as in the absence of PHA (Table 9 . Ό . This de­
crease was higher with human and equine lymphocytes than with porci­
ne lymphocytes. Cultured porcine lymphocytes contained the highest 
ATP concentration, as well relatively as absolutely. 
Table 9.k. Influence of PHA-stimulation on ATP concentration 
Time PHA Man (5) Horse ( Ό Pig (6) 
24 hr 
48 
5 0 + 9 
57 ± 13 
37 ± 11 
50 ± 13 
¡ili ± 7 
52 ± 11 
30 ± 2 
39 ± 12 
74 ± 2Θ 
75 ± 30 
49 ± 16 
53 ± 15 
Values (in % of the concentration at the start of the culture) 
are means ± SD for the number of cultures given within parentheses. 
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Table 9.5. Influence of adenosine and deoxyadenoslne with or without EHNA on the concentrations 
of ATP, dATP and TTP In PHA-stimulated mammalian lymphocytes 
Nucleotide Species Time 
(hr) 
Relative concentrations of nucleotides in the presence of 
Adenosine Deoxyadenoslne 

















































































































































































Values (means of 4-6 separate experiments) are given in % of the concentration of the nucleotide 
Jn PHA-stimulated lymphocytes in the absence of metabolites at the indicated hr. These concentra­
tions are given in Table 9.3. SD was always lower than 40* of the mean. The concentration of 
EHNA was 10 μΜ. 
9.3.4. Influence of adenosine and_deox^adenosine 
In chapter 7 we described the influence of adenosine and deoxy-
adenosine with and without EHNA on PHA-stimulated thymidine, uridine 
and leucine incorporation. In some of these and similar cultures we 
measured the concentrations of ATP, TTP and dATP (Table 9.5). Adeno­
sine or deoxyadenoslne did not alter in most cases the ATP concentra­
tion in PHA-stimulated cells cultured for 24 and 4Θ hr. In equine and 
porcine lymphocytes the concentration of ATP was relatively higher in 
the presence of» adenosine. With human lymphocytes the ATP concentra­
tion was lower in the cultures with deoxyadpnosine and EHNA. Addition 
of adenosine in various concentrations did not affect dATP concentra­
tion. Deoxyadenoslne at 25 and 50 μΜ did not affect dATP concentra­
tion with human lymphocytes and increased it In porcine lymphocytes; 
at 100 uM deoxyadenoslne, dATP concentration was markedly increased 
in lymphocytes of al) species at 24 hr and in human and porcine lym­
phocytes also at 48 hr. In the presence of deoxyadenosine and EHNA 
an increase in dATP was found with all species that was higher witn 
porcine and equine lymphocytes. TTP concentration was not signifi­
cantly affected by adenosine or deoxyadenosine. 
9.4. Discussion 
Studies on concentrations of nucleotides in human lymphocytes 
were mostly limited to ATP and ADP. Reports on all purine and pyri-
midine nucleotides are rare. The concentrations of ATP reported by 
Schmalstieg et al. (318), Ufolberg et al. (416) and De Abreu et al. 
(79) are slightly lower than our value, that Is comparable to that 
of Nelson et al. (246) and Skupp et al. (337). Chapman et al. (57) 
reported very high concentrations of all three adenine nucleotides. 
Nelson et al. (246) and Skupp et al. (337) reported comparable values 
for the ADP concentration as we, but Schmalstieg et al. (318) and 
De Abreu et al.(79) reported a lower ADP concentration. Values for 
the concentrations of GTP, GDP, CTP and DTP by other investigators 
(79, 246, 318, 337, 416) are comparable to our values. Ratios of 
ATP/ADP previously reported (246, 318, 337) are comparable; the 
energy charge is not given, but appears to be in the same range. 
De Abreu at al. (79) gives slightly higher values. The concentra­
tion of NAD reported by Chapman et al. (57) and Blomquist et al. 
(28) Is comparable to our value. 
The concentration of ATP in lymphocytes of adult horses is con-
parable to our value (223). No data are available on lymphocytes of 
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the other animals. 
Although large differences exist in purine and pyrimidine me­
tabolism of the species investigated (chapters 2,5,8), no such dif­
ferences are found in the concentrations of the nucleotides. Equine 
lymphocytes have a very low capacity of pyrimidine de novo synthe­
sis in their lymphocytes, but the capacity of the salvage pathway 
seems to be high enough (370) to maintain pyrimidine nucleotides 
in the same concentration as with the other species. Only with the 
purine nucleotides some significant differences were found, but they 
can not be explained by the differences found in purine metabolism 
(chapter 5 ) . The differences In the nucleotide contents of the lym­
phocytes of the various species are smaller than the differences 
found for their erythrocytes (40). Furthermore in lymphocytes of all 
species the concentrations of the triphosphates are always higher 
than those of the diphosphates in contrast to in erythrocytes of 
some species (40). 
Most authors found a considerable variation in the concentra­
tions of dNTP in lymphocytes of individuals. These variations" are 
probably due to the fact that the lymphocyte populations differ in 
their extent of activation. The concentration of dATP has been mea­
sured more frequently than that of the other dNTP. Our values for 
the dATP and TTP concentration in human lymphocytes are in the same 
range as those found by other investigators (Θ5, 175, 195, 261). 
Hunch-Petersen et al. (242) and Tattersall et al. (261) repor­
ted an increase in the concentration of dATP after culturing of hu­
man lymphocytes in the presence of PHA. However, from their and our 
data (Table 9.3) this conclusion does not seem to be Justified. The 
absolute concentrations of TTP and dATP in PHA-stimula ted lymphocy­
tes are in the same large range. The increase in the concentration 
of TTP seemed to be significant. This increase is parallelled by a 
higher thymidine and uridine incorporation (242, chapter 7) and a 
higher activity of enzymes involved in the synthesis of precursors 
of DNA as thymidine kinase, deoxycytidine kinase and deoxycytidy]β­
ίε deaminase (165, 243, 266) and of DNA polymerase (3Θ4). With un­
stimulated and stimulated lymphocytes of horse and pig we found no 
significant increase in the concentrations of TTP and dATP. 
The decrease in ATP concentration during culturing is probably 
the result of nutrient exhaustion of the culture medium, since the 
ATP concentration decreases as well with control cells as with PHA-
stimulated cells. This was also found with equine lymphocytes (223) 
and with cultured mammalian cell lines (292, 406). 
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Incubation of lymphocytes with adenosine helped to maintain 
higher ATP levels with lymphocytes of horse and pig (Tables 9.4 and 
9.5), but with human lymphocytes only the combination adenosine plus 
coformycin increased the ATP concentration (132), in contrast to a-
denosine plus EHNA (Table 9 . * ) . A higher ATP concentration after in-
cubation with adenosine was also found for other cell types (127, 
18*, 292). 
Adenosine did not significantly influence the concentration of 
dNTP in human, equine and porcine lymphocytes (132, Table 9.5). The 
concentration o-f dATP in human lymphocytes was increased and the 
concentrations of dGTP, dCTP and TTP were drastically reduced at 48 
hr In the presence of adenosine and coformycin (132). Adenosine de-
creases the concentration of PRPP in lymphocytes and lymphoblasts 
(3*3, 3**, chapter 7 ) . 
Accumulation of dATP after incubation of cells with deoxyadeno-
sine In the presence or absence of an ADA inhibitor Is a common fea-
ture for lymphocytes (29, 195, 262), human, murine and equine thy-
mocytes (*9, 195, 223), lymphoblast cell lines (*7, 49, 1*5, 235,388 
391, * 1 * ) , hepatoma cells (130), human fibroblasts (111), Hela cells 
(210) and CHO cells (173). The accumulation of dATP is higher with 
T-cell lines than with B-cell lines (49, 235). Furthermore dATP is 
elevated in erythrocytes and lymphocytes of patients with ADA defi-
ciency associated with SCID (69, 85, 175, 2 5 * ) . In most cases this 
accumulation Is accompanied by inhibition of cell growth. Our results 
with porcine lymphocytes indicate that accumulation of dATP is not 
always associated with Inhibition of cell proliferation. The high 
concentration of dATP, that is present in porcine lymphocytes after 
incubation with deoxyadenosine, is associated with an increased thy-
midine, uridine and leucine incorporation (chapter 7), and the con-
centration of TTP is not affected. However, no increase in dATP or 
TTP levels is observed after incubation of porcine lymphocytes with 
adenosine, although all incorporation values also increased (chap-
ter 7 ) . Probably the normal pools of dATP and TTP are high enough 
under this condition for the increased DNA synthesis and these dNTP 
are delivered at a higher rate via ribonucleotide reductase. The 
dATP formed from deoxyadenosine can be part of a pool that is not 
used for DNA synthesis. With human lymphocytes is has been demonstra-
ted that TTP formed via the salvage pathway (thymidine kinase) forms 
a separate pool (358). The existence of such a pool for dATP could 
explain why with porcine lymphocytes accumulation of dATP is not as-
sociated with inhibition of cell growth. Another explanation may be 
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that the i n h i b i t o r y concentration of dATP for r ibonucleotide reduc­
tase i s d i f f e r e n t for the various species. A 2-5 f o l d increase of 
dATP concentration by 50-100 цМ deoxyadenosine i s associated with 
a 5-fold increased thymidine incorporation in porcine lymphocytes, 
while a comparable concentration of dATP caused by 25 yM deoxyadeno­
sine and 10 μΜ EHNA i s associated with a p a r t i a l l y to completely i n ­
h i b i t e d incorporation in equine and human lymphocytes, respect ively 
(chapter 7 ) . An increase of the dATP concentration does not lead in 
a l l c e l l types to an i n h i b i t i o n of the GDP and COP reduction c a t a l y ­
zed by r ibonucleotide reductase ( 1 7 3 , 3 9 0 ) . Furthermore the e f f e c t s 
on mitogen-lnduced p r o l i f e r a t i o n of human lymphocytes (3Θ7) and r a t 
thymocytes (379) are most pronounced when added at the f i r s t day of 
c u l t u r e , when DNA synthesis has not yet been increased. Even u n s t i ­
mulated lymphoid c e l l s accumulate dATP and are k i l l e d by the presen­
ce of deoxyadenosine ( 1 9 5 ) . Therefore some other mechanism(s) besi­
des i n h i b i t i o n of r ibonucleotide reductase are involved in the d i s ­
turbance of c e l l growth and function by deoxyadenosine. Purine and 
pyrimidine de novo synthesis are not a f f e c t e d s i g n i f i c a n t l y by a 
combination of deoxyadenosine and coformycin ( 3 7 ^ ) . The e f f e c t s of 
deoxyadenosine on PRPP synthesis have not yet been studied, but dAHP 
and dATP can i n h i b i t PRPP synthetase (chapter 3 ) . The e f f e c t s of 
deoxyadenosine could also be mediated by i n h i b i t i o n of methylation 
reactions (ΙΊ-Ό or i n t e r f e r e n c e with energy metabolism. 
9 . 5 . Summary 
1. Concentrations of purine and pyrimidine ribonucleotides were 
measured with HPLC Jn lymphocytes of man, horse, pig and sheep and 
in rat thymocytes. The concentration of ATP was highest in lymphoid 
cells of all species and about 850 pmol/10 6 cells in human and equi­
ne lymphocytes, higher in porcine and lower in ovine lymphocytes and 
rat thymocytes. The concentration of GTP was comparable in human, 
equine and porcine lymphocytes, but lower in ovine lymphocytes. The 
concentration of UTP and CTP were comparable in lymphocytes of the 
four species. 2. The energy charge for the purine and cytosine 
ribonucleotides did not show significant species differences and 
varied between 0.83 and 0.Θ8 with the lymphocytes; the energy char­
ge of the uracil ribonucleotide·! was higher. 3. ATP concentration 
was also measured in cultured lymphocytes of man, horse and pig 
with a luci feri n-lucl ferase assay. During culturing with or without 
PHA the ATP concentration decreased in lymphocytes of all species. 
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Ч. The concentrations of TTP ami dATP were measured with a DNA po­
lymerase assay. In PBL the concentration of both dNTP varied between 
0.1-4.3 pmol/10 6 cells . In cultured lymphocytes of man, horse and 
pig with or without PHA the concentrations of dATP and TTP were com­
parable to those in PBL. 5. ATP, TTP and dATP concentrations were 
also measured in PHA-stimulated lymphocytes of man, horse and pig 
after 24 and 48 hr culturing with and without adenosine or deoxyade-
nosine. ATP concentrations were relatively higher in porcine and 
equine lymphocytes in the presence of adenosine. TTP concentrations 
were not significantly altered in the presence of adenosine or deo-
xyadenosine. Addition of adenosine did not result In significant 
changes of the dATP concentration. Deoxyadenosine in the presence 
of EHNA increased the dATP concentration with all species 3-12 fold 
and caused In all cultures a decreased thymidine and uridine incor­
poration (chapter 7 ) . However, with porcine lymphocytes deoxyadeno­
sine without EHNA increased the dATP concentration 2-5 fold , but 
stimulated the thymidine and uridine incorporation about 5-fold 
(chapter 7 ) . The latter results Indicate that accumulation of dATP 




AGE-DEPENDENCY OF ADA AND PNP ACTIVITIES IN RAT SPLEEN AND THYMUS* 
10.1. Introduction 
I n h e r i t e d d e f i c i e n c i e s of the p u r i n e degrading enzymes, ADA and 
PNP, I n human Lymphocytes have been a s s o c i a t e d w i t h SCID (122) and 
w i t h severe T - c e l l d y s f u n c t i o n ( 1 2 3 ) , r e s p e c t i v e l y . ADA d e f i c i e n c y 
i s not o n l y a s s o c i a t e d w i t h severe Τ and В c e l l d y s f u n c t i o n but a lso 
w i t h an absent or a very smal l thymus ( 1 6 1 ) . Absence or removal of 
the thymus a t b i r t h causes severe d e p l e t i o n i n the lymphocyte popu­
l a t i o n and s e r i o u s immunological d e f e c t s i n the a d u l t ( 3 0 4 ) . Although 
ADA or PNP i s d e f i c i e n t i n a l l c e l l s of a f f e c t e d i n d i v i d u a l s , o n l y 
lymphoid organs show d i s t u r b a n c e s i n development and f u n c t i o n . Jack­
son e t a l . (182) r e p o r t e d marked d i f f e r e n c e s i n a c t i v i t i e s of the 
adenosine m e t a b o l i z i n g enzymes ADA and AK between v a r i o u s r a t t i s ­
sues and found the h i g h e s t ADA a c t i v i t y i n the lymphoid organs. 
Barton e t a l . ( 1 5 , 16) r e p o r t e d marked d i f f e r e n c e s i n a c t i v i t i e s of 
ADA and PNP between v a r i o u s stages of f e t a l T - c e l l d i f f e r e n t i a t i o n 
and between v a r i o u s types o f r a t lymphoid c e l l s . They p o s t u l a t e t h a t 
ADA and PNP play an i m p o r t a n t r o l e I n lymphocyte d i f f e r e n t i a t i o n by 
d e g r a d a t i o n o f the p o t e n t i a l l y t o x i c n u c l e o s i d e s adenosine and deoxy-
adenosine. Jackson e t a l . (182) r e l a t e the h igh ADA a c t i v i t y i n r a ­
p i d l y p r o l i f e r a t i n g c e l l s and organs l i k e thymus to an i n c r e a s e d 
p r o t e c t i o n a g a i n s t adenosine t o x i c i t y . 
Since the development o f immune f u n c t i o n e n t e r s a c r i t i c a l phase 
a t b i r t h , we measured the a c t i v i t i e s of ADA, PNP and AK i n thymocy­
tes and splenocytes o f r a t s of 0-423 days and compared k i n e t i c s o f 
adenosine and deoxyadenosine deamination i n 3- and 40-days o l d r a t s . 
1 0 . 2 . M a t e r i a l s and methods 
Source of chemicals and composit ion of s o l u t i o n s are descr ibed 
i n chapter 5. In a l l age groups both male and female Wistar r a t s were 
used. 
»adapted from Peters e t a l . (273) 
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1 0 . 2 . 2 . P r e g a r a t l o n of thymocytes and sglenocytes 
Rats were k i l l e d by c e r v i c a l d i s l o c a t i o n . Thymus and spleen 
were Immediately removed and placed i n glass v i a l s c o n t a i n i n g MEMS 
medium (Flow L a b o r a t o r i e s , I r i v i n e , UK) w i t h Hepes b u f f e r (pH 7 ) . 
A f t e r removal o f f a t and connect ive t i s s u e , organs were weighed and 
minced w i t h a p a i r of s c i s s o r s . A l l spleens and thymuses of o l d e r 
animals (60-423 days) were g e n t l y homogenized w i t h a t e f l o n P o t t e r -
El vejhem homogenizer a t 4 С ( the i n t e r v e n i n g space was 0.5 mm). The 
homogenate was f i l t e r e d over double cheese f i l t e r (pore s ize 25 μ η ) . 
Thymuses o f young animals could be d ispersed on the f i l t e r . The f i l ­
t r a t e s were l a y e r e d on a d i s c o n t i n u o u s Fi c o l l - I s g p a q u e g r a d i e n t (3 
ml w i t h a d e n s i t y of 1.077 and 1 ml w i t h a d e n s i t y of 1.050) and 
c e n t r l f u g e d f o r 30 min a t 400 g a t 1Θ C. The c e l l s ^ a t the i n t e r f a s e 
between the d e n s i t i e s 1.077 and 1.050 were a s p i r a t e d and washed t w i c e 
w i t h MEMS-Hepes. The c e l l s (thymocytes and s p l e n o c y t e s ) were counted 
i n a hemocytometer. Some c y t o c e n t r i f u g e smears were prepared and 
s t a i n e d f o r the d e t e c t i o n of polymorphonuclear c e l l s and monoôytes. 
A l l c e l l p repa ra t i ons conta ined l ess than 4% o f polymorphonuclear 
c e l l s and monocytes. V i a b i l i t y was h igher than 90* as determined 
w i t h t rypan blue e x c l u s i o n . 
1 0 . 2 . 3 . Enzyme assays 
A l l assays were performed on thymocytes and sp lenocytes from 
i n d i v i d u a l an ima ls . For the s tud ies of pos tna ta l development (0-20 
days) 3-5 l i t t e r s o f a t l e a s t 6 animals were used. For c e l l e x t r a c t s 
c e l l s were suspended i n 50 mM Tr is -HCl ( c o n t a i n i n g 1 mM EDTA, pH 7.4) 
to the app rop r i a te c e l l concen t ra t ion and l ysed by son i ca t i on (8 
burs ts of 5 sec a t 0 С w i t h a Branson s o n i f i e r a t maximal o u t p u t ) . 
A c t i v i t i e s of ADA, PNP and AK were determined as descr ibed i n chap­
t e r 5. The r e a c t i o n m i x t u r e f o r ADA conta ined an amount o f thymocyte 
or sp lenocyte l y s a t e e q u i v a l e n t to 2 . 5 - 3 0 x 1 0 ' c e l l s and 25 - 190 χ 
I O 3 c e l l s , r e s p e c t i v e l y . For the PNP assay these amounts were 6 - 1 8 
χ 10" c e l l s . For the AK assay volumes of 7000 g supernatant e q u i v a ­
l e n t to 1 . 5 - 3 x l 0 6 c e l l s and 0.25 - 1 . 0 χ IO 6 c e l l s , r e s p e c t i v e l y 
were used. P r o t e i n was measured a c c o r d i n g to ( 2 1 2 ) . 
1 0 . 3 . Resul ts 
With animals of all ages equal amounts of extracts were used 
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f o r each a s s a y . A l l enzyme a s s a y s were l i n e a r w i t h t i m e , s u b s t r a t e 
c o n c e n t r a t i o n and amount o f e x t r a c t . 
ADA showed an a g e - d e p e n d e n c y w i t h t h y m o c y t e s and s p l e n o c y t e s 
( F i g . 1 0 . 1 ) . The a c t i v i t y o f ADA i s h i g h e s t i n t h y m o c y t e s o f new-
b o r n r a t s and d e c r e a s e s a t p o s t n a t a l d e v e l o p m e n t . W i t h a n i m a l s o l d e r 
t h a n 6 days no f u r t h e r change was f o u n d . W i t h s p l e n o c y t e s ADA a c t i -
v i t y i s l o w i n newborn r a t s and g r a d u a l l y i n c r e a s e s up to t h e age o f 
20 d a y s . W i t h m a t u r a t i o n and a g e i n g no f u r t h e r s i g n i f i c a n t changes 
were f o u n d . A t a l l ages ADA a c t i v i t y i s h i g h e r i n t h y m o c y t e s t h a n 
i n s p l e n o c y t e s . D u r i n g w h o l e l i f e t h e a c t i v i t y o f ADA i s h i g h e r 
t h a n t h a t o f PNP i n t h y m o c y t e s , w h i l e i n s p l e n o c y t e s t h e PNP a c t i -
t y i s h i g h e r ( F i g . 1 0 . 2 ) . W i t h t h y m o c y t e s PNP does n o t show an a g e -
d e p e n d e n c y , w h i l e i n s p l e n o c y t e s t h e a c t i v i t y o f 4 0 - and 6 0 - d a y s 
o l d a n i m a l s i s l o w e r than i n younge r a n i m a l s . A c t i v i t y o f AK i n t h y -
m o c y t e s was measured a t 1 3 , 2 0 , 40 and 60 days o l d r a t s . No a g e - d e -
pendency was f o u n d , t h e mean ± SD f o r t h e s e 16 a n i m a l s was 0 . 8 3 ± 0 . 3 6 
n m o l / h r p e r 1 0 6 c e l l s . A c t i v i t y o f AK i n s p l e n o c y t e s o f ^tO-days o l d 
a n i m a l s was 5 .9 ± 1 .1 n m o l / h r p e r 1 0 6 c e l l s (mean ± SD o f 3 r a t s ) . 
When the r e s u l t s a r e e x p r e s s e d pe r mg p r o t e i n , t h e a c t i v i t i e s ADA, 
PNP and AK show t h e same p a t t e r n as when t h e y a r e e x p r e s s e d on base 
o f 1 0 6 c e l l s . The a c t i v i t i e s o f ADA, PNP and AK e x p r e s s e d p e r mg 
p r o t e i n i n 4 0 - d a y s o l d a n i m a l s a re g i v e n i n T a b l e 1 0 . 1 . 
A c t i v i t y o f ADA measured i n t h y m o c y t e s o f t h e same a n i m a l was 
h i g h e r w i t h d e o x y a d e n o s i n e t h a n w i t h a d e n o s i n e as a s u b s t r a t e . The 
r a t i o s o f t h e a c t i v i t i e s were 1 . 3 4 ± 0 . 1 0 and 1 . 2 1 ± 0 . 1 3 f o r 3 - and 
^ O - d a y s o l d a n i m a l s , r e s p e c t i v e l y (mean ± SD f o r 4 and 7 a n i m a l s , 
r e s p e c t i v e l y ) . The Km v a l u e s o f a d e n o s i n e and d e o x y a d e n o s i n e f o r ADA 
( T a b l e 1 0 . 2 ) showed no s i g n i f i c a n t d i f f e r e n c e s i n t h y m o c y t e s be tween 
3 - and 4 0 - d a y s o l d r a t s and be tween a d e n o s i n e and d e o x y a d e n o s i n e . 
T a b l e 1 0 . 1 . A c t i v i t i e s o f ADA, PNP and AK i n t h y m o c y t e s and s p l e n o -
c y t e s o f ^ D - d a y s o l d r a t s 
Thymocy tes S p l e n o c y t e s 
ADA 23760 ± 3 8 8 0 3265 ± 4 6 8 
PNP 1494 ± 253 4799 ± 873 
AK 462 ± 165 424 ± 25 
A c t i v i t i e s ( i n n m o l / h r p e r mg p r o t e i n ) a r e means ± SD f o r 3 -4 a n i m a l s . 
A c t i v i t y o f AK was measured i n 7000 g s u p e r n a t a n t s . 
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Flg. 10.1. Activity of ADA in splenocytes (D) and thymocytes (o) of 
rats of different ages. Activities are means +_ SD for 
Θ-14- rats of 0 to 40 days and *-5 rats for the other age groups. 






ratage (days ) 
Flg. 10.2. Activity of PNP in splenocytes (O) and thymocytes (o) of 
rats of different ages. Activities are means + SD for 
Θ-15 rats of 1 to 20 days and 5- for the other age groups. 
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T a b l e 1 0 . 2 . Km v a l u e s o f a d e n o s i n e and d e o x y a d e n o s l n e f o r ADA i n t h y ­
mocytes o f 3 - and 4 0 - d a y s old r a t s 
Rat age Adenosine D e o x y a d e n o s l n e 
3 days 3 1 . 2 ± 1 0 . 5 ( 4 ) 2Θ.3 ± 5.'t ( Ό 
40 days 5 3 . 2 ± 19.9 (5 ) 36.θ ± h.6 (5 ) 
V a l u e s ( i n yM) a r e means ± SD f o r t h e number o f a n i m a l s i n d i c a t e d 
w i t h i n p a r e n t h e s e s . 
1 0 . 4 . D i s c u s s i o n 
A c t i v i t i e s o f ADA and PNP found i n s p l e n o c y t e s and t h y m o c y t e s 
o f ifO-days o l d r a t s a g r e e w e l l w i t h t h o s e measured by B a r t o n e t a l . 
( 1 5 , 1 6 ) . A c t i v i t y o f ADA i n t h y m o c y t e s r e p o r t e d by C a r t i e r ( 5 2 ) I s 
somewhat h i g h e r . Oackson e t a l . (1Θ2) r e p o r t e d c o m p a r a b l e v a l u e s f o r 
ADA and AK i n s p l e e n and thymus as we d i d . 
B a r t o n e t a l . ( 1 5 , 1 6 ) p o s t u l a t e a r e c i p r o c a l r e l a t i o n s h i p b e ­
tween ADA and PNP a c t i v i t i e s i n l y m p h o i d c e l l t y p e s and a t v a r i o u s 
s t a g e s o f T - c e l l d i f f e r e n t i a t i o n . However, a c t i v i t y o f ADA i n s p l e e n 
i n c r e a s e s i n t h e p o s t n a t a l p e r i o d w h i l e a c t i v i t y o f PNP does n o t i n ­
c r e a s e . S i m i l a r l y w i t h t h y m o c y t e s no i n c r e a s e i n PNP a c t i v i t y i s 
found when ADA d e c r e a s e s . S c h o l a r e t a l . ( 3 2 2 ) r e p o r t e d a d e c r e a s e 
o f PNP i n s p l e e n s o f mice d u r i n g a g e i n g w h i l e ADA d i d n o t c h a n g e . 
The Km v a l u e s o f a d e n o s i n e and d e o x y a d e n o s l n e f o r ADA i n thymo­
c y t e s a r e c o m p a r a b l e w i t h t h e v a l u e s found i n l y m p h o c y t e s o f v a r i o u s 
mammalian s p e c i e s ( c h a p t e r 5 ) . Deoxyadenoslne w i l l be d e a m i n a t e d 
most e f f i c i e n t l y s i n c e a c t i v i t y o f ADA i s h i g h e r w i t h d e o x y a d e n o s l n e 
and t h e Km o f d e o x y a d e n o s l n e f o r d e a m i n a t i o n i s much l o w e r than f o r 
p h o s p h o r y l a t i o n ( 1 0 9 , c h a p t e r 5 ) . The h i g h ADA/AK r a t i o w i l l e n s u r e 
d e g r a d a t i o n o f a d e n o s i n e . I n m u r i n e t h y m o c y t e s a d e n o s i n e and d e o x y ­
a d e n o s l n e a r e d e a m i n a t e d p r e d o m i n a n t l y a t c o n c e n t r a t i o n s r a n g i n g 
from 0 . 1 - 1 0 0 0 ііМ ( 3 4 5 ) . 
The ADA enzyme i n thymus p r o b a b l y i s the low Mff t y p e (MW 35 k D ) , 
s i n c e i t has comparable k i n e t i c p r o p e r t i e s as d e s c r i b e d by H i r s c h h o r n 
4 R a t e c h ( 1 5 9 ) f o r t h i s enzyme; low Km v a l u e s f o r both s u b s t r a t e s 
and a h i g h e r d e a m i n a t i o n r a t e f o r d e o x y a d e n o s l n e . F u r t h e r m o r e w i t h 
t h y m o c y t e s and s p l e n o c y t e s EHNA, p r e s e n t i n t h e AK a s s a y , a l m o s t 
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completely Inhibited deamination of adenosine. This gives evidence 
that the ADA isozyme in splenocytes probably also is of the low 
MW type, since a high sensitivity to EHNA is a property of this type 
(294, 296). Van der Weyden & Kelley (399) found that in human spleen 
ADA is predominantly of the low MW type and that no conversion acti­
vity is present. 
Barton et al. (15, 16) found a prenatal increase 'of ADA activi­
ty in fetal thymocytes, but no difference between newborn and young 
adult rats, in contrast to our results (Fig. 10.1). The decrease in 
ADA activity in the thymus proceeds simultaneously with the appea­
rance of TdT activity in cortical thymus cells in the first week 
after birth (31). Since ADA activity is predominantly located in 
cortical thymocytes (15, 16) a comparable change in cell population 
could be responsible for the decrease in ADA activity as for the ap­
pearance of TdT (31). The high activity of ADA in thymuses of new­
born rats can result in a better protection to adenosine and deoxy-
adenosine toxicity as was observed in hepatoma cell lines with a 
high ADA activity (1Θ2). Therefore, the changes in ADA activity du­
ring postnatal development may have more important consequences for 
lymphocyte development than the changes observed in the activities 
of TdT (31) and ecto-5'-nucleotidase (37). 
10.5. Summary 
1 . A c t i v i t i e s o f ADA and PNP were determined i n thymocytes and s p l e ­
nocytes o f r a t s o f 0-*23 days o l d . 2. A c t i v i t y o f ADA per c e l l i s 
h i g h e s t i n thymocytes of newborn r a t s and decreases w i t h p o s t n a t a l 
development, w h i l e i n sp lenocytes ADA a c t i v i t y i n c r e a s e s . No s i g n i ­
f i c a n t age-dependency i s found w i t h PNP i n thymocytes and splenocy­
t e s . 3. Dur ing whole l i f e ADA a c t i v i t y i s h i g h e r i n thymocytes 
and PNP a c t i v i t y i s h i g h e r i n s p l e n o c y t e s . 4 . With thymocytes ADA 
a c t i v i t y was h i g h e r w i t h deoxyadenosine than w i t h adenosine. The Km 
values of both n u c l e o s i d e s were comparable i n 3- and A-0-days o l d 
r a t s (about 30-40 μΜ). 
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Chapter 11 
METABOLISM OF PURINE NUCLEOSIDES AND PRPP IN THYMOCYTES AND 
SPLENOCYTES OF VARIOUS MAMMALIAN SPECIES* 
11.1. Introduction 
Purine nuc leos ides i n t e r a c t w i t h the immune system i n man. F i r s t 
i n d i c a t i o n s f o r t h i s i n t e r a c t i o n were obta ined by G i b l e t t e t a l . (122, 
123) who descr ibed the assoc ia t i on o f absence o f two pur ine n u c l e o s i -
de-degrading enzymes w i t h immune d y s f u n c t i o n . In man ADA d e f i c i e n c y 
was assoc ia ted w i t h SCID and de f i c i ency of PNP w i t h a severe T - c e i l 
d y s f u n c t i o n . The ADA d e f i c i e n c y was found i n a l l t i s sues o f a f f e c t e d 
c h i l d r e n (153) but the lymphoid t i ssues showed r e l a t i v e l y the lowest 
l e v e l s . The thymus not on ly showed very low ADA a c t i v i t i e s , but was 
very small o r even absent In c h i l d r e n w i t h ADA d e f i c i e n c y . The age-
dependency of ADA i n r a t thymocytes and sp lenocytes (15, 16, chapter 
10) q ives f u r t h e r evidence tha t ADA p lays an impor tan t r o l e i n the 
development of immune f u n c t i o n . 
In chapter 5 we repor ted tha t lymphocytes of horse and p i g have 
an ADA a c t i v i t y comparable to t ha t i n c h i l d r e n w i t h ADA d e f i c i e n c y 
and tha t ov ine lymphocytes have a very low PNP a c t i v i t y . We used 
lymphocytes f ron these species to study the e f f e c t of the subs t ra tes 
of ADA and PNP on lymphocyte f unc t i on (chapter 7 -9 ) . In order to get 
more i n s i g h t i n t o the ro le of ADA and PNP i n development o f immuno-
l o g i c a l l y po tent c e l l s we now measured the a c t i v i t i e s o f these nuc le -
os ide c a t a b o l i z i n g enzymes and those o f adenosine and deoxyguanosine 
k inase i n thymocytes and splenocytes of man, horse, p i g , sheep, r a t 
and mouse. 
PRPP p lays an impor tan t r o l e i n pur ine salvage pathways t h a t 
use hypoxanthine and guanine, the products of PNP, as s u b s t r a t e s . 
P rev ious ly we prov ided evidence tha t d is tu rbances o f PRPP metabolism 
could p lay a r o l e In the metabo l i c e f f e c t s of ADA and PNP d e f i c i e n c y 
(chapters 3 and 7 ) . Therefore i n t h i s study we also examined the ac-
t i v i t y of PRPP synthetase and the concen t ra t i on of PRPP i n the v a r i -
ous lymphoid c e l l s . 
»adapted from Peters e t a l . (276) 
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1 1 . 2 . M a t e r i a l s and methods 
Sources o f c h e m i c a l s and c o m p o s i t i o n o f s o l u t i o n s are d e s c r i b e d 
I n c h a p t e r s 5 and 1 0 . Thymuses and s p l e e n s o f h o r s e s (Equus c a b a l l u s ) , 
p i g s (Sus s c r o f a ) and T e x e l sheep ( Ovis a r l e s ) were ob'tained a t l o c a l 
s l a u g h t e r h o u s e s from h e a l t h y a n i m a l s . W l s t a r r a t s ( R a t t u s n o r v e q l c u s ) 
and Swiss mice (Hus musculus ) were o b t a i n e d from the C e n t r a l Animal 
L a b o r a t o r y o f t h e U n i v e r s i t y . Human o r g a n s were o b t a i n e d from c h i l d r e n 
t h a t d i e d w i t h i n two days a f t e r d e l i v e r y a f t e r a p r e g n a n c y p e r i o d o f 
3 0 - 4 0 w e e k s . D e a t h causes d i d not concern the immune s y s t e m . Thymo­
c y t e s and s p l e n o c y t e s were p r e p a r e d as soon as p o s s i b l e a f t e r d e a t h . 
W i t h r a t s and mice t h i s c o u l d happen i m m e d i a t e l y , w i t h p i g s and sheep 
w i t h i n a b o u t 1-2 hr and w i t h horses and c h i l d r e n w i t h i n 2-Θ h r . One 
sample o f human thymus was o b t a i n e d a t c a r d i a c s u r g e r y o f a man o f 
40 y e a r s . 
1 1 . 2 . 2 . P r e p a r a t i o n o f t h y n o c ^ t e s _ a n d _ s [ > l e n o c y t e s 
P r e p a r a t i o n o f t h y m o c y t e s and s p l e n o c y t e s o f r a t s i s d e s c r i b e d 
i n c h a p t e r 1 0 . The MEMS-medium was r e p l a c e d by 20 mM H e p e s - b u f f e r e d 
s a l i n e (pH 7 . 0 ) , s i n c e c e l l s t h a t a r e i s o l a t e d i n MEMS-medium show 
PRPP s y n t h e s i s d u r i n g i s o l a t i o n because o f t h e p r e s e n c e o f phosphate 
( c h a p t e r 2 ) . Organs o f mice were p r o c e s s e d i n the same way. A f t e r 
removal o f f a t and c o n n e c t i v e t i s s u e t h e o r g a n s o f man, h o r s e , p i g 
and sheep were w e i g h e d , minced i n s m a l l p i e c e s and homogenized w i t h 
a t e f l o n P o t t e r - E l v e j h e m homogenizer a t 4 С ( t h e i n t e r v e n i n g space 
was 0 . 5 mm). The homogenate was f i l t e r e d o v e r a n y l o n s i e v e and the 
f i l t r a t e s were l a y e r e d on a F i c o l l - I s o p a q u e g r a d i e n t w i t h a d e n s i t y 
o f 1 . 0 7 7 and c e n t r i f u g e d f o r 30 min a t 18 С a t the same speed as 
used f o r l y m p h o c y t e s o f t h e s e s p e c i e s ( c h a p t e r 5 ) . The c e l l s a t the 
I n t e r f a s e ( t h y m o c y t e s and s p l e n o c y t e s ) were washed t w i c e w i t h Hepes-
b u f f e r e d s a l i n e and c o u n t e d w i t h a h e m o c y t o m e t e r . 
1 1 . 2 . 3 . Enzyme assays 
A l l enzyme a s s a y s were p e r f o r m e d on t h y m o c y t e s and s p l e n o c y t e s 
from i n d i v i d u a l s . For p r e p a r a t i o n o f l y s a t e s c e l l s were suspended 
i n 50 mM T r i s - H C l (pH 7 . 4 ) c o n t a i n i n g 1 mM EDTA, to the a p p r o p r i a t e 
c e l l c o n c e n t r a t i o n and l y s e d by s o n i c a t i o n (Θ b u r s t s o f 5 sec w i t h 
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a Branson sonifier at maximal output). Only for the assay of PRPP 
synthetase cell lysates were prepared in 25 mM phosphate buffer 
(containing 1 nM EDTA, pH 7.*). Activities of ADA, PNP and AK were 
determined as described in chapter 5. Assay of deoxyguanosine kinase 
is described in chapter θ and determination of activity of PRPP syn­
thetase and concentration of PRPP in chapter 2. Washing with Hepes-
buffered saline does not affect the assays of PRPP concentration and 
PRPP synthetase activity in comparison to the earlier used washings 
with Tris-buffered saline and PBS, respectively (chapter 2 ) . The vo­
lumes of thymocyte and splenocyte lysate used are comparable to that 
used for lymphocytes. For the assays of AK and deoxyguanosine kinase 
a 7000 g supernatant was used. Protein was measured according to (212). 
11.3. Results 
11.3.1. Metabolism of purine nucleosides 
All enzyme assays were proportional with time, substrate and 
amount of tissue material. Activities of ADA and PNP in thymocytes 
and splenocytes of the animals and the newborn babies are presented 
in Figs. 11.1 and 11.2. For comparison we also show the activities 
in PBL of adult mice and the previously reported activities in PBL 
of the other mammals (chapter 5 ) . Since the organs of the babies 
were obtained after different gestation periods, and during matura­
tion considerable changes in the activities of some enzymes occur 
in the rat (15, 16, chapter 10), some separate values are shown for 
man and horse in Figs. 11.1 and 11.2. The values were mediated when 
they were close to each other as e.g. the PNP activity of the babies. 
With man, horse and rat activities of ADA were comparable in PBL and 
splenocytes, with pig and sheep activity of ADA was higher in spleno­
cytes. With all species, except the horse, activity of ADA was higher 
in thymocytes than in PBL. With pig and sheep activity of ADA in 
thymocytes was lower than in splenocytes. With all species activity 
of PNP is higher in splenocytes than in thymocytes. Activity of PNP 
was highest in human PBL and lowest in ovine thymocytes. 
Activity of AK is comparable in thymocytes of all species (Ta­
ble 11.1). With man, horse and pig activity of AK in thymocytes is 
comparable to that in splenocytes and PBL (chapter 5 ) . Rat PBL have 
a higher activity of AK (9.2 ±3.0 nmol/hr per 10 6 cells, mean ± SD 
of ¡t individuals). The activity of deoxyguanosine kinase is highest 
in human thymocytes. In ovine splenocytes activity of deoxyguanosine 
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nmoles/h per lO^cetls 
1000 η 
man horse pig sheep rat mouse 
Fig. 11.1. Activity of ADA In PBL (P), thymocytes (T) and splenocytes 
(S) of various mammalian species. Enzyme activities (in 
nmol/hr per 10 6 cells) are means± SD for the number of individuals 
as Indicated in Table 11.3. 40, activity in thymus from a 40 year 
old man; pm, from a premature child; nb, from a newborn child; 12, 




man horse pig sheep rat mouse 
F i g . 1 1 . 2 . A c t i v i t y o f PNP i n PBL ( P ) , thymocytes (T) and sp lenocytes 
(S) o f v a r i o u s mammalian s p e c i e s . Enzyme a c t i v i t i e s ( i n 
nmol/hr per 10 6 c e l l s ) are means ± SD f o r the same number of i n d i v i ­
duals as i n d i c a t e d i n Table 1 1 . 3 . 12, a c t i v i t y i n a spleen from a 12 
year o l d h o r s e ; f , from a f o a l o f 10 months o l d . 
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Table 11.1. Activities of AK and deoxyguanosine kinase (dCK) In 
thymocytes and splenocytes of various mammalian species 
Species Age Thymocytes Splenocytes 
















0 . 6 7 
0 . * ; 1.1 
1.5 
0 . 3 * ± 0 . 0 3 
1.3 ± 0 . 4 
0 . 6 1 ± 0 . 1 1 
0.Θ1 ± 0 . 3 6 
( 3 ) 
( 3 ) 
(*) 
(31 
0.96 ±0.^1 (3) 
1.26 2.52 
N.D. 0.62; 0.99 
3.45 
N.D. 1.0 ± 0.4 (5) 
0.4Θ ± 0.08 (3) 2.4 ± 0.6 (4) 
0.10 ± 0.05 (8) 5.9 ± 1.1 (3) 
N.D. N.D. 
Activities (in nmol/hr per 10' cells) are means ± SD for the number 
of individuals indicated within parentheses. Enzyme activities 
were measured in 7000 g supernatants. N.D., not determined, p.m., 
premature; n.b., Kewborn. 
kinase was 0.34±0.04 nmol/hr per 10 6 cells (mean ± SD of 3 determi­
nations) . 
In order to get more insight into adenosine metabolism the ra­
tio of ADA and AK activities (per 10' cells) was calculated in the 
experiments where ADA and AK were measured simultaneously. With all 
species studied the highest ADA/AK ratio was found in thymocytes, 
except with pig (Table 11,2). The ratio of ADA/AK was comparable 
between splenocytes and PBL of the same species except with horse 
and pig. 
Since enzyme activities in many related studies were expressed 
per mg protein, we also based the activities of ADA, PNP and AK on 
this parameter (Table 11.3). The difference in ADA between PBL and 
thymocytes became more pronounced due to the low content of protein 
in thymocytes probably because these cells are relatively small. 
Since on the other hand splenocytes of pig and sheep contain a re­
latively high concentration of protein, the differences in activi­
ties between thymocytes and splenocytes of these animals are less 
pronounced. 
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Table 1 1 . 2 . Ratlos of the a c t i v i t i e s of ADA and AK in thymocytes, 
splenocytes and PBL of various mammalian species 








322 ± 41 
5 ± 2 
267 ± 32 
1Θ3 ± 40 
600 ±2 53 
9* ± 19 
S p l e n o c y t e s PBL 
64 ± 3 7 61 ± 31 
12 ± 4 2 ± 1 
623 ±141 19 ± 14 
103 ± 5 4 97 ± 57 
13 ± 4 11 ± 1 
N.D. N.D. 
Values (means ±SD of 3-5 experiments) are calculated from the 
activities of ADA and AK measured in the same experiment. N.D., 
not determined. 
lllllîl PÇPPjuSÎStiolism 
In thymocytes and splenocytes activity of PRPP synthetase was 
comparable with all species studied (Table 11.4). The activity was 
also comparable between the species and with the activity in PBL of 
the same species (chapter 2 ) . When expressed per mg protein some 
differences were observed. Activity of PRPP synthetase was highest 
in rat thymocytes and lowest in ovine splenocytes. The activity of 
PRPP synthetase per mg protein in thymocytes was higher than in sple-
nocytes, except with the horse. 
The concentration of PRPP varied considerably between the seve-
ral preparations of thymocytes of man (Table 11.4). This is proba-
bly due to the fact that with human organs it was not possible to 
standardize storage conditions and the time between death and pre-
paration of cell extracts. With the animals these conditions were 
more comparable between the individuals of the same species. The 
concentration of PRPP was lowest in ovine thymocytes and higher in 
splenocytes than in thymocytes of the same species, except man. 
11.4. Discussion 
Most enzyme activities of thymus and spleen were measured in 
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Table 11.3. Activities of ADA, PNP and AK in PBL, thymocytes and splenocytes of various mammalian 
species 
Species Man Horse Pig Sheep Rat Mouse 
ADA PBL 760± 276 (5) 134± 46 (7) 309 + 119 Ρ) 2*91 ±1220 (Ί) 2938± 720 (6) 1162± 34* О) 
Thymocytes 9597 + 1667 О) 220+ 60 О) 4663+980 О) 9770±1970 О) 23757±3876 (4) 6687±1014 (3) 
Splenocytes 1590± 398 О) 411, 297 3911±1074(3) 2391± 557 (5) 3265± 468 О) 4000± 985 О) 
PNP PBL 2450 ± 865 б) 1561 + 431 О) 819+272 (5) 
Thymocytes 2044 ± 519 О) 1786±593 (3) 1440 + 122 О) 
Splenocytes 2607 + 497 (4) 1608 + 766 О) 648±283 (3) 
AK PBL 61 + 31 m 79 + 27 Φ) 48 ± 22 (7) 
Thymocytes 60 ± 16 W 80 + 39 О) 23 + 10 (3) 
Splenocytes 41 ± 19 (3) 43 ± 27 О) 10 ± 5 (5) 
Activities (in nmol/hr per mg protein) are means± SD for the number of individuals indicated within 
parentheses. AK was measured in 7000 g supernatant. The PBL were from adult individuals and the 
thymocytes and splenocytes from individuals of the ages given in Table 11.1. 
287 ±143 
183 ± 108 
203± 57 
167 ± 73 
76 + 40 








1494 ± 253 
4799 ± 873 
367 ± 42 
82 ± 49 







1350 ± 350 
915 ± 58 
2596±1060 
N.D. 






Table 11.'t. Concentration of PRPP and activity of PRPP synthetase in thymocytes and splenocytes 
of various mammalian species 
PRPP concentration 
Species Age 
PRPP synthetase in nmol/hr per 
10' cells mg protein 
Horse 




Thymocytes S p l e n o c y t e s Thymocytes S p l e n o c y t e s Thymocytes S p l e n o c y t e s 
Man p.m. 7 . 4 ; 3 . 1 ; 3 3 . 5 0 . 8 ; 4 . 7 ; 1 0 . 5 3 . < » ± 2 . 0 ( 3 ) 2 . 6 + 1 . 6 ( 4 ) 20Θ; 216 7 3 ; 69 
n . b . 0 . 9 3 . 6 4 . 1 5 . θ 2 4 4 Θ7 
10 mo 1.4 
12 yr 0 . 5 




4 . 1 





6 mo 1.9 ± 0 . 6 ( 4 ) 3 . 3 ± 2 . 4 ( 4 ) 
1 yr 0 . 6 6 1 0 . 0 8 ( 3 ) 3 . 9 ± 1 . 6 ( 3 ) 
40 d 2 . 2 + 1 . 4 ( 7 ) 6 . 7 ± 3 . 3 ( 6 ) 
40 d N.D. N.D. 
4 . 5 ± 1 . 0 ( 3 ) 7 .7 ± 2 . 0 ( 3 ) 
6.8 ± 1 . 7 ( 3 ) 4 .8 ± 1 . 5 (3 ) 
3 . 5 ± 0 . 7 ( 9 ) 5.2 ± 0 . 7 (9) 
3 .1 ± 0 . 5 ( 3 ) 4 . 4 ± 0 . 7 (5 ) 
147 ± 46 ( 3 ) 61+40 ( 3 ) 
251 ± 22 ( 3 ) 1 2 + 6 ( 3 ) 
599 + 230 (9 ) 114 + 20 ( 7 ) 
195 ± 92 ( 3 ) 133±25 ( 5 ) 
V a l u e s a r e means ± SD f o r t h e number o f i n d i v i d u a l s i n d i c a t e d w i t h i n p a r e n t h e s e s . C o n c e n t r a t i o n o f PRPP 
i s g i v e n i n p m o l / 1 0 6 c e l l s . A b b r e v i a t i o n s a r e g i v e n i n T a b l e 1 1 . 1 . 
homogenized tissue without isolation of cells and the activities 
were expressed per mg protein or per gram wet weight. In the present 
study we report activities of ADA, PNP, AK, deoxyguanosine kinase 
and PRPP synthetase and the concentration of PRPP in isolated cells. 
Dowell et al. (88) and Chechick et al. (59) expressed activities of 
ADA in human thymus on cell basis and observed higher activities, 
but Ben-Bassat et al. (22) found a comparable activity. Based on mg 
protein the activities of ADA reported by several authors (1, ^ 6, 
153, 353) are comparable to our values in human thymocytes. The tis­
sues obtained at surgery (1, 58) showed higher ADA activities for 
human spleen. Hirschhorn et al. (153), Carson et al. (46) and Adams 
4 Harkness (1) reported comparable activities of ADA per mg protein 
as we did. Carson et al. (46) reported lower values of PNP in thymus 
and spleen, and comparable values for AK and deoxyguanosine kinase 
in thymus. The activities of ADA in equine thymocytes and splenocy-
tes reported by Magnuson et al. (223) are comparable with our values. 
Activities of ADA and PNP in splenocytes and thymocytes of rats a-
gree well with those reported by Barton et al. (15,16). Jackson et 
al. (182) reported comparable values for ADA and AK and Cartier (52) 
reported somewhat higher activities in thymocytes of rats. In murine 
thymocytes a higher activity of ADA per mg protein was found by se­
veral authors (3*5, 372,379), but also lower (^Э) and comparable ac­
tivities (295, 371). These differences are probably related to strain 
variations (371). The activities of ADA per mg protein in murine 
spleen reported by Tedde et al. (372), Trotta et al. (379) and Wil-
lemot et al. (*13) are comparable with our values, but Burridge et 
al. (43) found a lower activity. No literature data for the other 
species are available. 
Pig, horse and sheep are not the only species that have a hi­
gher activity of ADA in spleen than In thymus. Trotta et al. (380) 
measured a higher ADA activity In rabbit splenocytes. With chickens 
(293) a higher activity of ADA was observed In the spleen and the 
activity in the bursa was intermediate to the activity in thymus and 
spleen. In contrast to our results Burridge et al. (43) found a hi­
gher activity of ADA in murine spleen than in thymus. In several 
species the activity of ADA is very high in intestinal tissues (39, 
182, 219, 372, 380). 
In chapter 10 we demonstrated that the ADA enzyme from rat thy­
mocytes and splenocytes has kinetic properties comparable to that 
of the low MW type (MW 35 kD, ref. 159). For human and rat spleen 
this was also previously demonstrated (71, 219, 399). The ADA iso-
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zyme in the lymphoid cells of the other species is probably also of 
this type, since EHNA present in all AK assays almost completely in­
hibited deamination of adenosine and a high sensitivity to EHNA is 
a property of the low MW type (294, 296). 
Заек son et al. (182) suggested that at a high ADA/AK ratio ade­
nosine will be deaminated, preventing phosphorylation of adenosine. 
In a comparison of several organs of the rat they found the highest 
ratio in thymus. Therefore they postulated a correlation between a 
high proliferation rate and a high ADA/AK ratio. We found with all 
species a higher ADA/AK ratio in thymocytes than in PBL. Snyder & 
Lukey (345) showed that with intact murine thymocytes adenosine and 
deoxyadenosine are predominantly deaminated at concentrations ran­
ging from 0.1-100 μΜ. With intact equine lymphocytes that have the 
lowest ADA/AK ratio (Table 11.2) still the same pattern was found 
(217). The activity of deoxyadenosine kinase is lower than that of 
AK for all cell types reported (3, 49, 295, chapter 5 ) . For phospho­
rylation higher Km values have been reported for deoxyadenosine than 
for adenosine (109, chapter 5 ) . Since ADA showed similar activities 
with adenosine and deoxyadenosine as substrate in mammalian lympho­
cytes (chapter 5) and thymocytes of rats of various ages (chapter 
10), a high ADA/AK ratio indicates not only that adenosine will be 
deaminated at physiological concentration in these cells, but also 
deoxyadenosine. This will prevent accumulation of toxic metabolites 
of deoxyadenosine. 
Deoxyguanosine has been reported to possess selective T-cell 
toxicity (67). Therefore it will be important to prevent that deoxy­
guanosine accumulates in the thymus. In ovine thymocytes that have 
the lowest PNP activity the PNP/deoxyguanosine kinase ratio still 
is higher than 4. Ovine lymphocytes that have comparable PNP and 
deoxyguanosine kinase activities as thymocytes predominantly phos-
phorylyze deoxyguanosine (chapter Θ ) . 
It is remarkable that with all species the activity of PRPP 
synthetase is comparable in thymocytes, splenocytes and PBL (chap­
ter 2) and that its cellular activity is comparable between the spe­
cies. Activities of all other enzymes that were measured all showed 
some variations. This could mean that a certain activity of PRPP 
synthetase is necessary for lymphoid cells, probabJy because of the 
important function of PRPP in purine, pyrimidine and pyridine nucle-
tide synthesis. A higher PRPP synthetase activity per mg protein 
was also found by Weber et al. (410) and Yip et al. (428) for rat 
and mouse, respectively. 
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PRPP c o n c e n t r a t i o n v a r i e d markedly i n thymocytes and splenocy-
t e s . I t s c o n c e n t r a t i o n has not been measured before i n these c e l l s . 
Measurement o f the PRPP c o n c e n t r a t i o n i s o n l y meaningfu l when the 
organs are r a p i d l y processed and p r e p a r a t i o n o f the organs i s s t a n ­
d a r d i z e d . Improper s torage c o n d i t i o n s can cause c e l l damage and r e ­
lease o f n u c l e o t i d e s and PRPP. The i n o r g a n i c phosphate c o n c e n t r a t i o n 
can a lso be a l t e r e d , which i n f l u e n c e s PRPP s y n t h e s i s . 
Our s t u d i e s have shown t h a t c o n s i d e r a b l e d i f f e r e n c e s e x i s t i n 
a c t i v i t i e s o f ΑΟΑ,ΡΝΡ,ΑΚ and deoxyguanosine k inase i n thymocytes, 
sp lenocytes and-.PBL of v a r i o u s mammalian s p e c i e s . They a lso i n d i c a ­
te t h a t thymocytes are more capable than o t h e r lymphoid c e l l types 
i n deamlnat ing adenosine and deoxyadenosine, thus p r e v e n t i n g these 
n u c l e o s i d e s to accumulate and to d i s t u r b c e l l p r o l i f e r a t i o n . The i m ­
p o r t a n t r o l e o f PRPP synthetase f o r the immune system i s i n d i c a t e d 
by the small v a r i a t i o n s observed i n the a c t i v i t y i n t h i s enzyme I n 
the v a r i o u s lymphoid c e l l s o f the d i f f e r e n t mammals, i n c l u d i n g man. 
1 1 . 5 . Summary 
1. Activities of ADA, PNP, AK were measured in splenocytes and thy­
mocytes of newborn children, young horses, pigs, sheep, rats and mice 
and compared with the activities previously found in PBL. 2. With 
all species, except horse, the activity of ADA (per 10 6 cells) was 
higher in thymocytes than in PBL. Activity of ADA was highest in 
splenocytes of pig and sheep. Activity of ADA was lowest In all lym­
phoid cells of the horse and only about 10Я> of the activity in human 
splenocytes and lymphocytes. 3. With all species, except horse, 
the activity of PNP was lower in thymocytes than in lymphocytes. Ac­
tivity of PNP was highest in human lymphocytes and lowest in ovine 
thymocytes. 4. Activity of AK is comparable in thymocytes of all 
species and always lower than the ADA activity. In splenocytes of 
man,horse and pig the activity of AK is comparable to that in thymo­
cytes. 5. Activity of deoxyguanosine kinase was lowest in rat thy­
mocytes and highest in those of man. 6. When enzyme activities are 
expressed per mg protein, the differences between thymocytes and 
lymphocytes are less pronounced. 7. Activity of PRPP synthetase 
per 10' cells was comparable in thymocytes, splenocytes and PBL of 
the same species and between the various species. Θ. The concentra­
tion of PRPP was lowest in ovine thymocytes and higher in splenocy­




SURVEY AND SUMMARY 
1 2 . 1 . Purine and ' py r im ld ine metabolism i n PBL 
l ì l l l l l I t îS. ' ÏSÎ f b o l i s m o f P R P P 
Synthesis of pur ine and py r im id ine nuc leo t i des i n t e r a c t a t se-
ve ra l s i t e s (see 1 . 4 . 1 ) . PRPP plays a key r o l e i n these i n t e r a c t i o n s 
since i t i s a subs t ra te f o r as we l l pur ine de novo as salvage pa th -
ways and a subs t ra te f o r py r im id ine de novo s y n t h e s i s . The f i r s t 
pa r t of t h i s thes is (chapters 2-4) deals w i t h measurements of the 
concen t ra t ions of PRPP i n PBL, the syn thes is of PRPP, the r e g u l a t i o n 
of i t s syn thes is and the enzymes i n pur ine and py r im id ine metabolism 
t h a t use PRPP as a s u b s t r a t e , fu r the rmore some aspects of PRPP meta-
bolism i n PHA-st imulated lymphocytes are repor ted i n chapter 7. I t 
was demonstrated tha t p rev ious l y descr ibed methods for e s t i m a t i n g 
the concen t ra t i on of PRPP and the a c t i v i t y o f PRPP synthetase i n e-
r y t h r o c y t e s (see t hes i s Tax) could a lso be used f o r lymphocytes 
(chapter 2) and lymphoid t i ssues (chapter 11 ) . 
The concen t ra t ion of PRPP and the a c t i v i t y of PRPP synthetase 
were comparable i n lymphocytes of man, horse, p i g , sheep and c a t t l e 
(chapter 2 ) . In chapter 3 the k i n e t i c p r o p e r t i e s of PRPP synthetase 
from man and horse were desc r ibed . The enzyme showed b iphas ic k i n e -
t i c s f o r ATP, w i t h a low Km o f about 5 yM w i t h both spec ies . For r i -
bose 5-P Km values of about 25 μΜ were f o u n d . Both s u b s t r a t e s of 
PRPP showed s u b s t r a t e i n h i b i t i o n . Of 35 compounds t e s t e d at 5 mM 
c o n c e n t r a t i o n adenine and guanine n u c l e o t i d e s markedly i n h i b i t e d 
the PRPP synthetase from equine lymphocytes. SAH also s t r o n g l y i n h i ­
b i t e d the enzyme, but i n h i b i t i o n of p y r i m i d i n e n u c l e o t i d e s was l o w e r . 
AMP, dAMP, ADP, dADP and GMP also I n h i b i t e d the enzyme at 0.1 mM 
c o n c e n t r a t i o n a t 30 цМ ATP but not a t 30 yM r i b o s e 5-P. I n h i b i t i o n 
by AMP was c o m p e t i t i v e w i t h a Ki value of 7 цМ. ADP, dADP and dAMP 
showed o t h e r types of i n h i b i t i o n w i t h h igher Ki v a l u e s . Since these 
n u c l e o t i d e s can accumulate I n ADA d e f i c i e n c y i n h i b i t i o n of PRPP syn­
thetase can play a r o l e i n the impairment of c e l l p r o l i f e r a t i o n t h a t 
i s found w i t h these p a t i e n t s . 
A c t i v i t i e s of enzymes t h a t u t i l i z e PRPP as a s u b s t r a t e show 
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large variations among the various species (chapter 2 ) . The activi-
ty of the purine salvage enzyme HPRT is highest in equine lymphocy-
tes, lowest in those of cattle and intermediate in those of man, pig 
and sheep. With all species the activity of APRT is lower than 
that of HPRT, except man. The activity of APRT is compara-
ble in lymphocytes of man and horse and lower in those of cattle, 
sheep and pig. With all species the activity of OPRT was lower than 
that of HPRT. The OPRT activity was lowest in lymphocytes of horse 
and highest in those of pig. Activity of ODC was always higher than 
that of OPRT and it was coordinate with OPRT with all species. Por-
cine lymphocytes were used to study the effects of several metaboli-
tes on the activities of OPRT and ODC (chapter h). Only CMP and UMP 
inhibited ODC. Adenine and guanine nucleosides, guanine nucleotides 
and several pyrimidine nucleotides inhibited OPRT at 5 mM concentra-
tion. 
12.1.2. Metabolism of nucleosides and nucleotides 
Several differences were observed between the various species 
in the metabolism of uridine (chapter 4 ) . Activity of uridine kinase 
was very low in lymphocytes of sheep and those of several pigs. 
In lymphocytes of other pigs a significantly higher activity was 
found. Activity of uridine kinase was intermediate in lymphocytes 
of man, horse and cattle. The activity of uridine Phosphorylase was 
higher than that of uridine kinase of the same species, except horse. 
Activity of uridine Phosphorylase was highest in lymphocytes of man 
and pig. Breakdown of UMP, catalyzed by a 5 ' -nucleo ti dase and a non-
specific phosphatase (chapter 5) was comparable with lymphocytes of 
horse, man, pig and sheep. In man and pig the activity was compara-
ble with that of uridine Phosphorylase. 
Chapter 5 further deals with the various enzymes that play a 
role in the metabolism of adenosine and deoxyarienosine. The activi-
ty of ADA in lymphocytes of man is comparable with that in lympho-
cytes of 8 other mammalian species (see also chapter 11), but its 
activity is very low in lymphocytes of horse and pig and about 10% 
of that in human lymphocytes. There is no general correlation be-
tween the activii-y of ADA in lymphocytes and erythrocytes, since 
porcine lymphocytes have an activity comparable to that of human e-
rythrocytes and higher than that in erythrocytes of sheep, goat and 
cattle. No ADA activity was detectable In equine erythrocytes. 




















p o r c i n e l y m p h o c y t e s i s 
s u m m a r i z e d . S i n c e t h e 
c o n c e n t r a t i o n o f AMP i n 
t h e s e l y m p h o c y t e s i s com­
p a r a b l y l o w ( c h a p t e r 9 ) 
and t h e a c t i v i t y o f AMP 
n u c l e o t i d a s e i s l o w e r 
i n e q u i n e and p o r c i n e 
l y m p h o c y t e s , t h e c o n t r i ­
b u t i o n o f AMP t o t h e a d e ­
n o s i n e p o o l w i l l be l o w e r 
i n t h e s e c e l l s t h a n i n 
human l y m p h o c y t e s . W i t h 
a l l s p e c i e s a c t i v i t y o f 
AK was l o w e r t h a n t h a t 
o f ADA, b u t t h e Km v a l u e s 
f o r p h o s p h o r y l a t i o n a r e 
a l s o l o w e r . S i n c e t h e a n i ­
m a l l y m p h o c y t e s have a 
l o w e r Km v a l u e f o r p h o s ­
p h o r y l a t i o n o f a d e n o s i n e 
t h a n human l y m p h o c y t e s , 
a d e n o s i n e can more e a s i l y be p h o s p h o r y l a t e d i n t h e a n i m a l l y m p h o c y t e s . 
The l o w ADA a c t i v i t y i n e q u i n e l y m p h o c y t e s can more e f f i c i e n t l y he 
u s e d , b e c a u s e o f t h e l o w Km v a l u e . W i t h p o r c i n e and human l y m p h o c y ­
t e s AMP can a l s o be d e a m i n a t e d . T h i s seems n o t p r o b a b l y i n l y m p h o c y ­
t e s o f h o r s e and s h e e p , b e c a u s e t h e y have a v e r y l o w a c t i v i t y o f AMP 
d e a m i n a s e . The b r e a k d o w n o f AMP and IMP i n a n i m a l l y m p h o c y t e s i s n o t 
o n l y c a t a l y z e d by a 5 ' - n u c l e o t i d a s e b u t a l s o by a n o n - s p e c i f i c p h o s ­
p h a t a s e . W i t h i n t a c t a n i m a l l y m p h o c y t e s n o t o n l y an e c t o - 5 ' - n u c l e o ­
t i d a s e b u t a l s o an e c t o - n o n - s p e c i f i с p h o s p h a t a s e was f o u n d . W i t h 
human l y m p h o c y t e s t h e s e n o n - s p e c i f i c p h o s p h a t a s e a c t i v i t i e s were l o w , 
b u t t h e a c t i v i t i e s o f t o t a l and o f s p e c i f i c e c t o - 5 ' - n u c l e o t i dase 
were m a r k e d l y h i g h e r . 
The r a t e o f d e a m i n a t i o n o f d e o x y a d e n o s i n e i s c o m p a r a b l e t o t h a t 
o f a d e n o s i n e i n a l l s p e c i e s . D e o x y a d e n o s i n e d e a m i n a t i o n c a p a c i t y i s 
much h i g h e r i n human t h a n i n e q u i n e and p o r c i n e l y m p h o c y t e s , b u t w i t h 
human and p o r c i n e l y m p h o c y t e s h i g h e r Km v a l u e s w e r e o b s e r v e d . P h o s ­
p h o r y l a t i o n r a t e s o f d e o x y a d e n o s i n e were l o w e r t h a n t h a t o f a d e n o s i ­
ne and h i g h e r Km v a l u e s were o b s e r v e d ( a b o u t 500 uM w i t h e q u i n e and 
p o r c i n e l y m p h o c y t e s and 76 μΜ w i t h human l y m p h o c y t e s ) . T h i s means 
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F i g . 1 2 . 1 . M e t a b o l i s m o f a d e n o s i n e i n 
l y m p h o c y t e s o f m a n , h o r s e a n d 
p i g . V a l u e s r e p r e s e n t e n z y m e a c t i v i t i e s i n 
n m o l / h r p e r 1 0 6 c e l l s . Km v a l u e s a r e g i v e n 
w i t h i n p a r e n t h e s e s . 
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that with lymphocytes of all species deoxyadenosine will predominant­
ly deaminated under physiological conditions. Adenosine inhibited 
deoxyadenosine phosphorylation at equimolar concentrations with e-
qulne and porcine lymphocytes and deoxycytidine with human and por­
cine lymphocytes. This gives further evidence that various kinases 
are Involved in deoxyadenosine phosphorylation (see section 1.2.1). 
The activity of SAH hydrolase in the synthetic direction was 
much lower than that of ADA in extracts of lymphocytes of all spe­
cies. Deoxyadenosine was able to inactivate the enzyme with all spe­
cies. In vivo this inactivation can result in an accumulation of 
SAH, that can inhibit methylation reactions (see section 1.8). 
The activity of PNP was highest in human lymphocytes (chapter 
5), lowest in those of sheep and goat (about 5% of that in man) and 
intermediate in those of the other species. Like with ADA there was 
no correlation between activities in lymphocytes and erythrocytes. 
In chapter θ the metabolism of the substrates of PNP is further 
Investigated in lymphocytes of man and sheep and in thymocytes of 
rat that also have a low PNP activity. The activity of PNP was hig­
her with inoslne than with guanosine and deoxyguanosine as substra­
tes in lymphocytes of man. With ovine lymphocytes a comparably low 
activity is found with these three substrates. Km values for deoxy­
guanosine were comparable (about 100 yM) in lymphocytes of both spe­
cies and rat thymocytes. Km values for inosine and guanosine in ovi­
ne lymphocytes (about 50 μΜ) were lower than in human lymphocytes 
(about 100 uM). The rate of phosphorylation of deoxyguanosine and 
guanosine was much lower than the phosphorylysis rate in extracts 
of human and ovine lymphocytes and of rat thymocytes. No guanosine 
phosphorylating activity was detectable in extracts of rat thymocy­
tes. The Km value for deoxyguanosine kinase activity was highest 
with human lymphocytes (about 1.6 m M ) , lowest with ovine lymphocytes 
(about 0.1 mM) and intermediate in rat thymocytes. With intact cells 
the rate of phosphorylysis of deoxyguanosine, guanosine and inoslne 
was highest with human lymphocytes. At low deoxyguanosine concentra­
tion (20 μΜ ) phosphorylation was comparable to phosphorylysis with 
ovine lymphocytes. At higher concentrations the rate of phosphoryly­
si s exceeds that of phosphorylation, as was also found with the ot­
her species at all concentrations of deoxyguanosine. Guanosine and 
inosine were also incorporated into nucleotides and nucleic acids 
by intact human and ovine lymphocytes and rat thymocytes. The in­
corporation of inosine was almost completely inhibited by hypoxan-
thine, but that of deoxyguanosine and guanosine by about SOÜí. 
154 
The difference present in purine and pyrimidine metabolism be­
tween the various species are not reflected in the concentrations 
of the various nucleotides (chapter 9 ) . ATP appeared to be the most 
predominant nucleotide in lymphocytes of man, horse, pig and sheep 
and in rat thymocytes. Its concentration was about 850 pmol/10 6 cells 
in human and equine lymphocytes, higher in those of pig and lower 
in those of sheep. The concentration of GTP was comparable in human, 
equine and porcine lymphocytes (about 175 pmol/10 6 cells), but lower 
in ovine lymphocytes. UTP and CTP concentrations were lower and com­
parable in the 'four species; other nucleotides, except ADP (high in 
porcine lymphocytes), did not show marked species related differen­
ces. The energy charge for purine and cytosine ribonucleotides did 
not show significant differences and varied between 0. Э and 0. in 
the lymphocytes of the various species; the energy charge of the ura­
cil ribonucleotides was slightly higher with all species. 
12.2. Purine metabolism in lymphoid tissues 
Chapters 10 and 11 deal with measurements of several enzymes 
in purine metabolism of cells from thymus and spleen. With rat the 
activities of ADA and PNP were determined in tissues obtained from 
rats of 0-^23 days old (chapter 10). ADA activity per cell is high­
est in thymocytes of newborn rats and decreases during postnatal de­
velopment, while in splenocytes ADA activity increases. No signifi­
cant age-dependency is found with PNP in thymocytes and splenocytes. 
ADA activity is higher than that of PNP in thymocytes during whole 
life, while in splenocytes the PNP activity is higher. No age-depen­
dency for AK was found with rats of 13-60 days. 
With thymocytes the ADA activity with deoxyadenosine is higher 
than with adenosine. No significant differences were found in Km va­
lues of both nucleosides in thymocytes of 3- and 40-days old rats 
(30-Ψ0 uM). The high ADA activity in thymocytes of newborn rats can 
result in a good protection against adenosine and deoxyadenosine 
toxici ty. 
The activities of ADA, PNP and AK were also measured in spleno­
cytes and thymocytes of newborn children, young horses, pigs, sheep 
and mice. With all species, except horse, ADA activity (per 10 6 
cells) was higher in thymocytes than in PBL. The ADA activity was 
highest in splenocytes of sheep and pia and lowest in all lymphoid 
cells of horse. With man, horse, rat and mouse the activity of ADA 
was comparable in their splenocytes and PBL. The activity of AK is 
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comparable In thymocytes of a l l species and always lower than t h a t 
of ADA. In splenocytes of man, horse and pig the a c t i v i t y of AK i s 
comparable to t h a t in thymocytes. The high ADA/AK r a t i o suggests t h a t 
in a l l lymphoid t i s s u e s adenosine wi l l predominantly deaminated a t 
phys io logica l c o n c e n t r a t i o n s . 
The a c t i v i t y of PNP was highest in human PBL and lowest in PBL 
and thymocytes of sheep. With a l l s p e c i e s , except horse, the PNP ac­
t i v i t y was lower in thymocytes than in PBL. The a c t i v i t y of deoxygu-
anosine k inase was lowest in thymocytes of the r a t and highest in 
those of man. Due to the high PNP/deoxyguanosine kinase r a t i o deoxy-
quanosine wi l l be mainly phosphorylysed (see also chapter 9 ) . 
When the a c t i v i t i e s were expressed per mg prote in the d i f fe ren­
ces between thymocytes and PBL are l e s s pronounced. 
The a c t i v i t y of PRPP synthetase per 10 6 c e l l s i s comparable 
in thymocytes, sp lenocytes and PBL of the same species and between 
the var ious s p e c i e s . This could mean t h a t a c e r t a i n a c t i v i t y of PRPP 
synthetase i s necessary for lymphoid c e l l s , probably because of the 
important function of PRPP in p u r i n e , pyrimidine and p y r i d i n e ' n u c l e -
o t l d e s y n t h e s i s . The PRPP concentra t ion var ie s between the several 
species and with man a l so between the various p r e p a r a t i o n s of thymo­
cytes and sp lenocytes . The l a t t e r i s probably due to the fact t h a t 
not a l l condi t ions could be s t a n d a r d i z e d . The lowest PRPP concentra­
t ion was found in ovine thymocytes. With a l l s p e c i e s , except man, 
the concentra t ion was higher in splenocytes than in thymocytes of 
the same s p e c i e s . 
12 .3 . Mitoqenlc s t i m u l a t i o n of mammalian lymphocytes 
1 2 . 3 . 1 . Ogtimalizat ion of methods 
In chapter 6 c u l t u r e condi t ions are described for PHA-stimula-
t lon of lymphocytes of horse , pig, sheep and man in MEMS medium sup­
plemented with horse serum. Cel l s could be cu l tured in a volume of 
0.2 ml in mi c r o t i t e r tek p l a t e s but a l so in a volume of 1 ml in s i l a -
nized g lass tubes (see chapters 3 , * and 7) . Rat thymocytes respon­
ded badly to PHA and Con-Α in MEMS medium (chapter 8 ) , but in RPMI 
1640 medium supplemented with horse serum {10%) a good response to 
Con-Α was obta ined. Since we wanted to study the e f fec t s of several 
metabol i te s (chapters 7-9) on thymidine and u r i d i n e incorporat ion 
34 parameters of mitogenic s t i m u l a t i o n , we optimized the concentra­
t i o n s of these nucleos ides to prevent i n h i b i t i o n of t h e i r uptake by 
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the me tabo l i t e s . 
1 2 . 3 . 2 . PRPP and g^rlmidlne metabolism in PHA-stimulated lymphocytes 
Several of the parameters tested at PHA-stimulation of mammali-
an lymphocytes (chapters 3 and 4) are summarized in Table 1 2 . 1 . A l -
though the a c t i v i t y of PRPP synthetase does not increase at PHA-sti-
mulation, a higher concentration of PRPP i s found in PHA-stimulated 
lymphocytes. I t has to be established i f th is increase in PRPP con-
centrat ion is due to the higher rate of the pentose phosphate path-
way that «as found by other invest igators at PHA-stimulation (see 
section 1 . 5 ) . The PRPP concentration in non-stimulated lymphocytes 
also Increases at cul tur ing but to a lower extent than in PHA-stim-
mulated c e l l s . 
The capacity of the PRPP metabolizing enzyme OPRT decreases at 
PHA-stimulation of porcine lymphocytes. In vivo i t s a c t i v i t y can be 
r e l a t i v e l y higher at PHA-stimulation, due to the higher a v a i l a b i l i t y 
of PRPP. The salvage pathway probably plays a more important role in 
pyrimidine nucleotide supply of peripheral and PHA-stimulated lym-
phocytes of horse, but in those of pig the de novo pathway probably 
also has an important r o l e . 
Table 1 2 . 1 . Effect of PHA-stimulation on PRPP and pyrimidine meta-
bolism 
Parameter Species Ef fect 
PRPP synthetase 
PRPP concentration 

















Increase (3-8 fold) 
Increase (2-4 fold) 
Increase (5-12 fold) 
Decrease 
Increase (2-4 fold) 
Increase (2-10 fold) 
or decrease 
Increase (2-7 fold) 
Increase (2-12 fold) 
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1 2 . 3 . 3 . E f f e c t o f n u c l e o s i d e s _ o n ^ i t o g e n i c s t i m u l a t i o n o f mammalian 
l y m p h o c y t e s 
I n c h a p t e r s 7-9 the e f f e c t s of v a r i o u s n u c l e o s i d e s on m l t o g e n i c 
s t i m u l a t i o n o f human, e q u i n e , p o r c i n e and o v i n e l y m p h o c y t e s and r a t 
t h y m o c y t e s a r e r e p o r t e d . Some o f t h e r e s u l t s a r e summarized i n T a b l e 
1 2 . 2 . Adenosine i s the most p o t e n t i n h i b i t o r o f thymi'dine i n c o r p o r a ­
t i o n a t 51 hr w i t h a l l s p e c i e s s t u d i e d , e x c e p t p i g . I n p o r c i n e l y m ­
p h o c y t e s a d e n o s i n e and d e o x y a d e n o s i n e caused a c o n s i d e r a b l e e l e v a t i o n 
of t h e i n c o r p o r a t i o n . U r i d i n e i n c o r p o r a t i o n i s e q u a l l y a f f e c t e d as 
t h y m i d i n e i n c o r p o r a t i o n , but t h e e f f e c t s on l e u c i n e i n c o r p o r a t i o n , 
as w e l l s t i m u l a t i o n as i n h i b i t i o n a r e l o w e r . The e f f e c t s were t i m e -
d e p e n d e n t . A f t e r 75 hr i n h i b i t i o n o f t h y m i d i n e i n c o r p o r a t i o n of e -
q u i n e P H A - s t i m u l a t e d l y m p h o c y t e s and s t i m u l a t i o n o f t h y m i d i n e i n c o r ­
p o r a t i o n of p o r c i n e P H A - s t l m u l a t e d l y m p h o c y t e s were l o w e r . T h i s i s 
p r o b a b l y due t o t h e r a p i d breakdown of a d e n o s i n e and d e o x y a d e n o s i n e , 
as was e s t a b l i s h e d w i t h HPLC. A d d i t i o n of EHNA, an i n h i b i t i o r of ADA, 
i n c o m b i n a t i o n w i t h 25 μΜ n u c l e o s i d e , r e s u l t e d i n a h i g h e r i n h i b i t i o n 
of t h y m i d i n e i n c o r p o r a t i o n w i t h e q u i n e and human l y m p h o c y t e s . With 
e q u i n e l y m p h o c y t e s the i n h i b i t i o n by a d e n o s i n e p l u s EHNA was h i g h e r 
than t h a t o f d e o x y a d e n o s i n e p l u s EHNA, but w i t h human l y m p h o c y t e s 
t h e c o m b i n a t i o n d e o x y a d e n o s i n e p l u s EHNA showed a h i g h e r i n h i b i t i o n . 
T a b l e 1 2 . 2 . E f f e c t of p u r i n e n u c l e o s i d e s and h y p o x a n t h i n e on t h y m i ­
d i n e i n c o r p o r a t i o n o f m i t o g e n - s t i m u l a t e d mammalian l y m ­
p h o i d c e l l s 
N u c l e o s i d e Lymphocytes Thymocytes 








Values represent the relative incorporation (in % of the control 
value) at 51 hr. All compounds were tested with lymphocytes at 100 





































With p o r c i n e lymphocytes, a d d i t i o n of EHNA r e v e r t e d the s t i m u l a t i o n 
by deoxyadenosine of thymid ine and u r i d i n e i n c o r p o r a t i o n i n a n a r ­
ked i n h i b i t i o n , but the combinat ion adenosine p l u s EHNA s t i l l s t i m u ­
l a t e d i n c o r p o r a t i o n . Deoxycyt id ine »as not able to prevent the i n h i ­
b i t i o n by (deoxy(adenosine p lus EHNA c o m p l e t e l y ; w i t h equine lympho­
cytes even a h igher i n h i b i t i o n was found i n some cases. The e f f e c t s 
o f adenosine and 'deoxyadenosine were not a d d i t i o n a l as was e s t a b l i ­
shed w i t h equine lymphocytes. Only i n the presence of homocysteine 
the e f f e c t of adenosine and deoxyadenosine was h i g h e r than adenosine 
p l u s honocysteiine or deoxyadenosine p l u s homocysteine. 
The e f f e c t s of the degradat ion products o f adenosine and deoxy­
adenosine were i n v e s t i g a t e d to get more i n s i g h t i n the mechanism of 
the s t i m u l a t i o n of thymid ine and u r i d i n e i n c o r p o r a t i o n of porc ine 
lymphocytes. I n o s i n e and hypoxanthine a lso s t i m u l a t e d the i n c o r p o r a ­
t i o n . Probably hypoxanthine i s converted to IMP and subsequently to 
AMP and/or CMP. The s imultaneous suppression of the PHA-stimulated 
i n c r e a s e i n PRPP c o n c e n t r a t i o n by adenosine found i n p o r c i n e lympho­
cytes may be r e l a t e d t o t h i s c o n v e r s i o n , but a lso to I n h i b i t i o n of 
PRPP s y n t h e s i s by AMP. The decrease of the PRPP c o n c e n t r a t i o n by a-
denosine w i t h equine lymphocytes can only be due to i n h i b i t i o n of 
PRPP s y n t h e s i s by AMP. 
Adenosine i n h i b i t e d the thymidine and u r i d i n e i n c o r p o r a t i o n 
more than the o t h e r p u r i n e nucleos ides w i t h human lymphocytes. I n o ­
sine at 0.5 mM d i d not i n h i b i t thymidine i n c o r p o r a t i o n of human and 
ov ine lymphocytes and s l i g h t l y i n h i b i t e d thymid ine i n c o r p o r a t i o n of 
Con-Α s t i m u l a t e d r a t thymocytes. Deoxyinosine showed some i n h i b i t i o n 
at 0.5 mM w i t h a l l c e l l s s t u d i e d , guanosine only w i t h human and ovine 
lymphocytes but not w i t h r a t thymocytes. Deoxyguanosine i n h i b i t e d 
thymidine I n c o r p o r a t i o n of ovine PHA-st imulated lymphocytes only a t 
0.5 mM but w i t h human lymphocytes and r a t thymocytes a l s o a t 50 pM. 
I t appears t h a t of the s u b s t r a t e s of PNP deoxyguanosine i s most 
t o x i c to lymphoid c e l l s . 
To get more I n s i g h t i n the mechanism of the e f f e c t s of adeno­
s ine and deoxyadenosine the c o n c e n t r a t i o n s of ATP, dATP and TTP were 
measured i n PHA-st imulated lymphocytes of man, horse and p i g t h a t 
were t r e a t e d w i t h these nucleos ides w i t h or w i t h o u t EHNA ( c h a p t e r 
9 ) . C o n c e n t r a t i o n s of ATP and TTP i n t r e a t e d c e l l s showed some d i f ­
ferences w i t h the c o n c e n t r a t i o n s i n PHA-stimulated c e l l s w i t h o u t 
a d d i t i o n s , but not as marked as those of dATP. The c o n c e n t r a t i o n 
of dATP increased i n a l l c u l t u r e s t r e a t e d w i t h deoxyadenosine and 
EHNA, w i t h p o r c i n e and equine lymphocytes about 1 0 - f o l d and w i t h 
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human lymphocytes about 3-fold. All these cultures also showed a 
marked Inhibition of thymidine and uridine incorporation. These re­
sults seem to support the hypothesis that inhibition of cell proli­
feration is mediated by dATP (see section 1.7). However, in porcine 
PHA-stimulated lymphocytes that were incubated with 100 цМ deoxyade-
nosine as well the thymidine and uridine incorporation increased as 
the dATP concentration, even 5-fold. This means that a high concen­
tration of dATP is not necessarily associated with inhibition of 
cell proliferation. Therefore the toxic effects of deoxyadenosine 
may also be mediated by other mechanisms than inhibition of ribonu­
cleotide reductase. Inhibition of pyrimldine nucleotide synthesis 
is not excluded, but the effects of deoxyadenosine on synthesis of 
PRPP and energy metabolism need further investigation. 
Our results have given additional evidence that ADA and PNP 
play an important role in the lymphoid cells. The immune disorders 
caused by deficiency of these enzymes can not be explained by one 
mechanism and may be related to disturbance of cell differentiation 
and maturation or cell function. The increased interest in purine 
and pyrimldine metabolism of lymphoid cells caused by the discovery 
of these enzyme deficiencies has not resulted in a specific therapy 
for these disorders. However, the increased insight may be applied 
to use purine and pyrimldine nucleosides and nucleoside analogs or 
inhibitors of purine metabolism for specific manipulation of the Im­
mune system as is demanded in transplantation therapy and cancer che­
motherapy. ADA inhibitors like deoxycoformycin can be used for selec­
tive suppression of uncontrolled proliferation of leukemic cells and 
to increase the potency of cytostatic nucleoside analogs. Since the 
substrates of PNP primarily affect thymus-derived cells, inhibition 
of the ontogenesis of these cells could be achieved by specific in­
hibition of PNP. 
Biochemical methods have been developed that make it possible 
to study the effects of purine and pyrimldine metabolites and anti­
metabolites in vitro. From our comparative experiments the signifi­
cance of several metabolic routes has been underlined. The Insight 
that has been obtained in the metabolism of PRPP can be used to ma­
nipulate actions of drugs that depend on the availability of PRPP 
to be converted to their active form. Since mammalian lymphoid cells 
do not show pronounced differences in the metabolism of PRPP animal 
cells form a good system for further investigation of the pharmaco­
logical effects of drugs that interfere with the availability of PRPP. 
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SAMENVATTING 
Purine ел pyrimidine metabolisme in lymfoide cellen van de mens en 
enkele andere zoogdier sgecies 
Purine en pyrimidine nucleotides zijn essentiële onderdelen 
van RNA en DNA ei) van een aantal belangrijke coënzymen. Om de beno-
digde concentraties van de verschillende nucleotides te handhaven, 
moeten ze in voldoende hoeveelheden aangemaakt worden. Dit kan bij 
zowel het purirve als het pyrimidine metabolisme gebeuren uit een-
voudige verbindingen zoals bicarbonaat en aminozuren via de zoge-
naamde 'de novo' routes. Energetisch gezien voordeliger zijn de 
'salvage' of reutilizatie routes die nucleosides en basen die ont-
staan uit de afbraak van nucleïnezuren, opnieuw gebruiken voor de 
synthese van nucleotides. Het purine en pyrimidine metabolisme zijn 
geen afzonderlijke eenheden, maar houden op vele plaatsen verband 
met elkaar en ook met het metabolisme van aminozuren en koolhydraten. 
Een stof die een belangrijke rel speelt in deze interacties is het 
fosforibosylpyrofosfaat (PRPP). 
In hoofdstuk 1 wordt uitgebreid ingegaan op het huidige inzicht 
omtrent de regulatie van het purine en het pyrimidine metabolisme, 
in het bijzonder in de perifere lymfocyt en de met mitogeen gestimu-
leerde lymfocyt. Enkele aspecten van het immuunsysteem worden bespro-
ken, omdat storingen in het purine metabolisme, zoals deficiënties 
van de enzymen adenosine deaminase (ADA) en purine nucleoside fosfo-
rylase (PNP) in de lymfocyt, geassocieerd bleken te zijn met storin-
gen in het Immuunsysteem. De netabole basis van de mechanismen die 
hiertoe zouden kunnen leiden, vormden de aanleiding tot dit onder-
zoek. Vergelijkend onderzoek aan lymfoïde cellen van de mens, paard, 
varken, schaap, rat en enkele andere zoogdieren leverde een beter 
inzicht in verschillende aspecten van het purine en het pyrimidine 
èn het PRPP metabolisme van deze cellen. Enkele aspecten die hierbij 
bijzonder de aandacht hadden, waren een vergelijking van perifere 
en gestimuleerde lymfocyten; een vergelijking van perifere lymfocy-
ten met thymus en milt cellen; de relatie tussen purine metabolisme 
en de ontwikkeling van lymfoïde cellen en de effecten van purine 
(deoxyJnucleosides op de mitogene stimulering van lymfoïde cellen. 
De resultaten toonden aan dat er waarschijnlijk meer biochemische 
verklaringen zijn voor de relatie tussen de enzymdeficiënties en de 
immuundeficiënties. Het verkregen inzicht in de regulatie van puri-
ne, pyrimidine en PRPP metabolisme kan een bijdrage leveren tot een 
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meer specifieke beïnvloeding van het immuunsysteem zoals dat vereist 
Is bij chemotherapie van leukemieën en lymfomen en Immuunsuppressle 
bij transplantatie. De ontwikkeling van lymfoïde cellen kan selectief 
geremd worden door bepaalde purine (deoxy)nucleosides of analogen 
en/of remmers van ADA of PNP. Het verkregen inzicht in het metabo-
lisme van PRPP kan van nut zijn bij het gebruik van antimetaboiieten 
die met PRPP in hun actieve vorm omgezet worden. 
In hoofdstuk 2 wordt gerapporteerd over de aktiviteiten van de 
enzymen in het purine en pyrimidine metabolisme die PRPP als sub-
straat gebruiken, de fosforibosyltransfer ases. De purine fosforl-
bosyltransferases, het adenine fosforibosyltransferase en het hypo-
xanthine-guanine fosforibosyltransferase, hadden relatief de hoogste 
aktiviteiten in lymfocyten van paard en mens, terwijl de aktiviteiten 
van de pyrimidine enzymen, orootzuur fosforibosyl transferase en oro-
tidyJaat decarboxylase erg laag waren in lymfocyten van het paard en 
hoog in die van het varken. De aktiviteit van het PRPP synthetase 
en de concentratie van PRPP waren vergelijkbaar in lymfocyten van 
het paard, varken, schaap, rund en de mens. 
In hoofdstuk 3 wordt uitgebreid aandacht besteed aan de kinetiek 
van het PRPP synthetase uit humane en paarde lymfocyten. Bij beide 
species werd een bifasische kinetiek met ATP gevonden, terwijl bei-
de substraten, ATP en ribose 5-fosfaat een substraat remming vertoon-
den bij relatief hoge concentraties. AMP, deoxyAMP, ADP en deoxyADP 
bleken de aktiviteit van het PRPP synthetase aanzienlijk te remmen. 
De remming door guanine en pyrimidine nucleotides was relatief la-
ger. Remming van de PRPP synthese zou een rol kunnen spelen bij de 
gestoorde proliferatie van cellen zoals die gevonden is bij ADA en 
PNP deficiënties. 
In hoofdstuk 3 wordt het effect van stimulatie door phytohemag-
glutinine (PHA) van lymfocyten op de PRPP synthese beschreven. Hoe-
wel PHA in drie-daagse cultures van humane, paarde en varkens lymfo-
cyten nauwelijks effect heeft op de aktivieit van het PRPP syntheta-
se, blijkt de PRPP concentratie 3-11 keer verhoogd te zijn. Een ver-
klaring hiervoor is niet gevonden. 
In hoofdstuk * worden de aktiviteiten van uridine kinase en uri-
dine fosforylase gerapporteerd In de lymfocyten van enkele zoogdier-
species, waaronder de mens. Bovendien wordt het effect van PHA be-
schreven op de ak tl vi tei t van deze enzymen en op de aktiviteit van 
het orootzuur fosforibosyltransferase en het orotidylaat decarboxy-
lase. Tenslotte wordt de invloed van enkele pyrimidines en purines 
op de aktiviteiten van het orootzuur f osforibosyl transferase en het 
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o r o t i d y l a a t decarboxy lase u i t varkens lymfocyten b e s c h r e v e n . 
In hoofdstuk 5 worden de c a p a c i t e i t e n en de k i n e t i e k beschreven 
van een aanta l enzymen in lymfocyten van mens, paard en varken d ie 
een ro l s p e l e n b i j de s y n t h e s e en de afbraak van adenos ine en deoxy-
a d e n o s i n e . B i j v e r g e l i j k e n d e metingen aan lymfocyten van 10 z o o g d i e r 
s p e c i e s bleek dat de a k t i v i t e i t van ADA in lymfocyten van paard en 
varken ongeveer i0% was van d i e in humane lymfocyten en v e r g e l i j k -
baar met d i e bJ J k inderen met ADA d e f i c i ë n t i e . Verder bleek de a k t i -
v i t e i t van PNP erg l a a g te z i j n in lymfocyten van schaap en g e i t . 
De a k t i v i t e i t т-ап adenos ine k i n a s e i s v e e l l a g e r dan d i e van adeno­
s i n e deaminase ook b i j lymfocyten van paard en varken; de Km waardes 
z i j n e c h t e r ook l a g e r zodat b i j een f y s i o l o g i s c h e adenos ine concen­
t r a t i e d i t n u c l e o s i d e voornameli jk g e f o s f o r y l e e r d za l worden. De Km 
waardes voor f o s f o r y l e r i n g van deoxyadenos ine z i j n vee l hoger dan 
voor deaminer ing, t e r w i j l de a k t i v i t e i t e n l a g e r l i g g e n ; deoxyadeno­
s i n e zal dus vooral gedeamineerd worden. 
Adenosine kan o n t s t a a n u i t AMP in een r e a c t i e d ie b i j lymfocy­
ten van paard, varken en schaarp g e k a t a l y s e e r d wordt door het S'-nu-
c l e o t i d a s e en een n o n - s p e c i f i e k f o s f a t a s e , b i j de mens e c h t e r a l l e e n 
door het 5 ' - n u c l e o t i d a s e . De d e f o s f o r y l e r i n g g e s c h i e d t met d e z e l f d e 
s n e l h e i d b i j lymfocyten van paard en varken, en i s hoger b i j d ie van 
schaap en mens. De vorming van IMP u i t AMP door AMP deaminase i s in 
lymfocyten n i e t b e l a n g r i j k . AMP en IMP bleken ook door een e c t o - 5 ' -
n u c l e o t i d a s e en door een e c t o - n o n - s p e c i f i e k f o s f a t a s e in paarde en 
varkens lymfocyten afgebroken t e kunnen worden. De a k t i v i t e i t van 
het S-adenosy l-homocyste ine hydro lase werd bepaald en bleek ge ïnak-
t i v e e r d te kunnen worden door i n c u b a t i e met deoxyadenos ine . In v ivo 
kan d i t l e i d e n t o t remming van m e t h y l e r i n g s r e a c t i e s . 
In hoofdstuk 6 i s de o p t i m a l i s e r i n g van c u i t u u r c o n d i t i e s voor 
s t i m u l e r i n g met PHA van lymfocyten van mens, paard, varken en schaap 
b e s c h r e v e n . De lymfocyten van deze s p e c i e s bleken in h e t z e l f d e medium 
gesupplementeerd met paardeserum gekweekt te kunnen worden. De con-
d i t i e s werden g e o p t i m a l i z e e r d voor het meten van de thymidine i n c o r -
p o r a t i e en gebru ikt voor de s t i m u l a t i e experimenten beschreven in 
de hoofdstukken 3 , ^ , 7 , 8 en 9 . 
In hoofdstuk 7 z i j n de e f f e c t e n beschreven van a d e n o s i n e , deoxy-
adenos ine en homocyste ine met en zonder EHNA, een remmer van ADA, op 
de thymid ine , u r i d i n e en l e u c i n e i n c o r p o r a t i e van PHA-gest imuleerde 
lymfocyten van mens, paard en varken. De e f f e c t e n op de thymidine 
en u r i d i n e i n c o r p o r a t i e waren v e r g e l i j k b a a r , t e r w i j l d i e op de l e u -
c i n e i n c o r p o r a t i e l a g e r waren. Adenosine bleek de thymidine i n c o r p o -
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ratie van paarde en humane lymfocyten sterker te remmen dan deoxya-
denosine, terwijl beide nucleosides de thymidine incorporatie van 
varkenslymfocyten meer dan 5-voudig verhoogden. Toevoeging van EHNA 
versterkte de remmende effecten van adenosine en deoxyadenosine bij 
paarde en humane lymfocyten, terwijl met varkens lymfocyten de sti­
mulering van de thymidine incorporatie veranderde in een remming. 
De effecten van adenosine en deoxyadenosine waren niet additief. A-
denoslne verlaagde bij zowel paarde als varkens lymfocyten de ver­
hoging van de PRPP concentratie die normaal bij PHA-stimulatie gevon­
den werd. 
In hoofdstuk θ wordt het metabolisme beschreven van de substra­
ten van PNP in lymfocyten van mens en schaap en ratte thymocyten en 
hun effecten op mitogene stimulatie. Inosine bleek een beter sub­
straat voor PNP dan guanosine en deoxyguanosine voor lymfocyten van 
de mens zowel met cel extracten als met intacte cellen. In cellen 
en extracten van alle drie species kon deoxyguanosine gefosforyleerd 
worden, terwijl fosforylering van guanosine alleen gevonden werd met 
humane en schape lymfocyten. De fosforylering van deoxyguanosine en 
guanosine in intacte cellen bleek gedeeltelijk te lopen via de fos-
forylyse en vervolgens omzetting van de base met PRPP tot nucleotide. 
De fosforylering van inosine bleek geheel vla deze route lopen. Ino­
sine en deoxyinosine bleken geen respectievelijk weinig effect te 
hebben op de PHA-stimulering van humane en schape lymfocyten en op 
de Concanavaline-A stimulering van ratte thymocyten. Guanosine bleek 
de thymidine incorporatie van Concanavaline-A gestimuleerde ratte 
thymocyten niet te remmen terwijl een relatief lage deoxyguanosine 
concentratie al een remmend effect had. Perifere lymfocyten van mens 
en schaap waren minder gevoelig voor deoxyguanosine, terwijl guano­
sine hier wel een remmend effect vertoonde. 
In hoofdstuk 9 zijn de concentraties gegeven van de purine en 
pyrimidine ribonucleotides en van TTP en deoxyATP in perifere lym­
focyten van paard, varken, schaap en mens. De concentratie van ATP 
was het hoogst bij alle species, en in dezelfde orde van grootte bij 
paard, mens en varken en lager bij het schaap. De concentraties van 
TTP en deoxyATP waren erg laag. De concentraties van TTP, deoxyATP 
en ATP werden ook gemeten In gekweekte lymfocyten (gestimuleerd met 
PHA en niet gestimuleerd) met en zonder adenosine of deoxyadenosine. 
Er werden kleine veranderingen gevonden in de concentraties van ATP 
en TTP in de aanwezigheid van adenosine of deoxyadenosine, maar de 
concentratie van deoxyATP was aanzienlijk verhoogd in PHA-gestimu-
leerde lymfocyten van paard, varken en mens in de aanwezigheid van 
16* 
deoxyadenosine en EHNA. Bij varkens lymfocyten werd met deoxyadeno-
sine alleen ook een verhoging gevonden van de deoxyATP concentratie 
die niet geassocieerd was met een remming van de thymidine incorpo-
ratie, dit in tegenstelling tot bij lymfocyten van paard en mens 
waar een verhoogde deoxyATP concentratie altijd geassocieerd was 
met een remming van de thymidine incorporatie. 
In hoofdstuH 10 zijn de aktiviteiten gerapporteerd van ADA en 
PNP in geïsoleerde thymus en milt cellen van ratten van О-^ЗЭ dagen 
oud. De aktiviteit van ADA bleek leeftijd gebonden te zijn en af te 
nemen in thymooyten bij postnatale ontwikkeling. De PNP aktiviteit 
in thymus cellen was altijd lager dan de ADA aktivieit, het omgekeer­
de was het geval in de milt cellen. Er was geen verschil in de akti­
viteit van het adenosine kinase in thymus cellen van ratten van ver­
schillende leeftijden. Ook de Km waarden voor adenosine en deoxyade­
nosine in ratten van 3 en 40 dagen oud vertoonden geen verschillen. 
In hoofdstuk 11 zijn de metingen uit hoofdstuk 10 uitgebreid 
met die in thymus en milt cellen van pasgeboren kinderen, veulens, 
Jonge varkens, schapen en muiz-en. De aktiviteit van ADA bleek het 
hoogst te zijn in miltcellen van schaap en varken en het laagst in 
thymus cellen, milt cellen en perifere lymfocyten van het paard. Bij 
de andere species was de aktiviteit van ADA hoger In thymus cellen 
dan In milt cellen. Er werden geen grote verschillen gevonden in de 
aktiviteiten van adenosine kinase tussen de verschillende species 
in de diverse typen cellen. De aktiviteit van ADA was altijd veel 
hoger dan die van adenosine kinase. De PNP aktiviteit was het hoogst 
in perifere lymfocyten van de mens en het laagst in de thymus cellen 
van het schaap. De aktivieit van PRPP synthetase was vergelijkbaar 
in thymus cellen, milt cellen en perifere lymfocyten van alle species 
en ook tussen de species onderling. De concentratie van PRPP vertoon­
de enige verschillen tussen de diverse cel types van de verschillen­
de species. 
In hoofdstuk 12 tenslotte is getracht in een algemeen overzicht 
verbanden te leggen tussen de resultaten die in de verschillende 




1 . Adams A & H a r k n e s s RA ( 1 9 7 6 ) C l i n . E x p . I m m u n o l . 2 6 , 6 4 7 - 6 4 9 
2 . A g a r w a l RP 4 P a r k s RE ( 1 9 7 8 ) M e t h o d s E n z y m o l . 5 1 , 5 0 2 - 5 0 7 
3 . A g a r w a l RP ( 1 9 8 1 ) Comp. B l o c h e m . P h y s i o l . 7 0 B , 5 9 5 - 5 9 9 
4 . A k a s a k a T L , O l d s - A r r o y o L 4 M i l l e r 33 ( 1 9 7 9 T " E x p e r i e n t i a 3 5 , 6 7 3 -
674 
5 . A l l i s o n AC ( 1 ^ 7 6 ) TIBS 1 , 3 6 - 3 8 
6. A l l s o p 3 4 W a t t s RWE ( 1 ? 7 8 ) 3 . M o l e c . Med. 3, 1 0 5 - 1 1 0 
7 . A n d r e s CM 4 Fox I H ( 1 9 7 9 ) 3 . B i o l . Chem. 2 5 4 , 1 1 3 8 8 - 1 1 3 9 3 
8 . A r c h 3RS 4 N e w s h o l n e EA ( 1 9 7 8 ) B i o c h e m . 3 . Г 7 4 , 9 6 5 - 9 7 7 
9 . A r c h 3RS 4 Kewsholme EA ( 1 9 7 8 ) I n : E s s a y s B l o c h e m . ( E d s . C a m p b e l l 
PN 4 A l d r i d g e WN) V o l . 1 4 , p p . 8 2 - 1 2 3 . A c a d e m i c P r e s s , London 
1 0 . A s h i h a r a H ( 1 9 7 7 ) Ζ . P f l a n z e n p h y s i o l . 8J>, 3 8 3 - 3 9 2 
1 1 . A t k i n s o n DE 4 F a l l L ( 1 9 6 7 ) 3 . B i o l . Chem. 2 4 2 , 3 2 4 1 - 3 2 4 2 
1 2 . Bagnerà AS, L e t t e r AA 4 Henderson 3F ( 1 9 7 4 ) B i o c h i m . B i o p h y s . 
A c t a 3 7 4 , 2 5 9 - 2 7 0 
1 3 . B a l l e t 3 3 , I n s e l R, M e r l e r 4 E Rosen FS ( 1 9 7 6 ) 3 . Exp . Med. 1 4 3 , 
1 2 7 1 - 1 2 7 5 
1 4 . B a r a n k i e w i c z 3 , B a t t e l l ML 4 Henderson 3F ( 1 9 7 7 ) Can. 3 . B i o c h e n . 
2 5 , 854 -840 
1 5 . B a r t o n RW 4 C o l d s c h n e i d e r I ( 1979 ) M o l . C e l l . B i o c h e m . 2 8 , 1 3 5 - 1 4 7 
1 6 . B a r t o n RW, M a r t i n i u k F, H i r s c h h o r n R 4 C o l d s c h n e i d e r Ι Τ Γ 9 8 0 ) 
C e l l . I m m u n o l . 4 9 , 2 0 8 - 2 1 4 · 
1 7 . B e c h e r НЭ, Weber M 4 LÖhr GW ( 1 9 7 8 ) K l i n . Wsch r . 5 6 , 2 7 5 - 2 8 3 
1 8 . Beche r H3 4 Lb'hr GW ( 1 9 7 9 ) K l i n . Wschr . 57 , 1109 -1115 
1 9 . B e c k e r MA, Meyer M3 4 S e e g m i l l e r 3E ( 1 9 7 3 7 Am. 3 . Med. 5J>. 2 3 2 - 2 4 2 
2 0 . Becke r MA, K o s t e l P3 4 Meyer L3 ( 1 9 7 5 ) 3 . B i o l . Chem. 2 5 0 , 6 8 2 2 -
6830 
2 1 . Becke r MA, R a i v i o K0 4 S e e g m i l l e r 3E ( 1 9 7 9 ) I n : Advances i n e n z y -
m o l o g y and r e l a t e d a r e a s o f m o l e c u l a r b i o l o g y ( E d . Α. M e i s t e r ) , 
V o l . 2 9 , p p . 2 8 1 - 3 0 6 . 3ohn W i l e y 4 S o n s , I n e , New York 
2 2 . B e n - B a s s a t 3 , S i n o n i F, H o l t z n a n n F 4 Ramot В ( 1 9 7 9 ) I s r a e l 3 . 
M e d . S c i . 1 5 , 9 2 5 - 9 2 7 
2 3 . Benke P3 4 D i t t m a r D ( 1 9 7 6 ) P e d . R e s . Π ) , 6 4 2 - 6 4 6 
2 4 . B e n n e t t L L , H i l l DL 4 A l l a n PW ( 1 9 7 8 ) B i o c h e m . P h a r m a c o l . 2 7 , 
8 3 - 8 7 
2 5 . B i g g a r WD, G i b l e t t ER, Ozere RL 4 G r o v e r BD ( 1 9 7 8 ) 3 . P e d i a t . 9 2 , 
3 5 4 - 3 5 7 
2 6 . B l a t t 3 , Reaman G 4 P o p l a c k DG ( 1 9 8 0 ) N. E n g l . 3 . Med. 3 0 3 , 9 1 8 -
922 
2 7 . B l o c k LH, L ü t h y R 4 S i e g e n t h a l e r W ( 1 9 8 0 ) K l i n . Wschr . 58 , 1 2 7 1 -
1281 
2 8 . B l o m q u i s t CH, L a r s o n KE 4 T a d d e i n i L ( 1 9 7 6 ) Exp . C e l l Res . 1 0 0 , 
4 4 7 - 4 5 0 
2 9 . B l u e s t e i n HG, W i l l i s RC, Thompson LF e t a l . ( 1 9 7 8 ) T r a n s . A s s o c . 
A n . P h y s . 9 2 , 394 -402 
3 0 . Boa rd PG 4 S m i t h 3E ( 1 9 7 7 ) B i ochem. Gen. 1 5 , 4 3 9 - 4 4 4 
3 1 . B o l l u m F3 4 G o l d s c h n e i d e r I ( 1 9 8 0 ) I n : Membranes, r e c e p t o r s and 
t h e immune r e s p o n s e , p p . 1 8 9 - 2 0 2 . A l a n . R. R i s s , I n c . , New York 
3 2 . B o l l u m F3 ( 1 9 8 1 ) TIBS 6 , 4 1 - 4 3 
3 3 . B o r g e r s M, Ve rhaegen H, De B r a b a n d e r M e t a l . ( 1 9 7 7 ) 3. Immuno-
chem. M e t h . 1 6 , 1 0 1 - 1 1 0 
3 4 . B o r g e r s M 4 Thone F ( 1 9 7 8 ) H i s t o c h e m . 3 . 1 0 , 721 -730 
3 5 . Bo rkowsky W, Cershon L, Shenkman L 4 H i r s c h h o r n R ( 1 9 8 0 ) P e d i a t . 
Res . 1 4 , 885 -889 
3 6 . Boss Î ï ï , Thompson LF , S p i e g e l b e r g HL e t a l . ( 1 9 7 9 ) T r a n s . A s s . 
Am. P h y s . x c i l , 3 0 9 - 3 1 5 
3 7 . Boss GR, Thompson L F , S p i e g e l b e r g HL e t a l . ( 1 9 8 0 ) 3 . I m m u n o l . 
1 2 5 , 679 -682 
167 
3 8 . Böyum A ( 1 9 6 8 ) S c a n d . 3 . C l i n . L a b . I n v e s t . 2J. ( s u p p l . 97), 7 7 -
89 
39. B rady TC 4 O'Donovan СЗ ( 1 9 6 5 ) Comp. B l o c h e m . P h y s i o l . I j l · , 1 0 1 -
120 
W . Brown PR, A g a r w a l RP, G e l l 3 4 P a r k s RE ( 1 9 7 2 ) Comp. B l o c h e m . 
P h y s i o l . 4 3 B , 8 9 1 - 9 0 * 
M . Brown CK T l J ' S u l U v a n W3 ( 1 9 7 7 ) B l o c h e m . P h a r m a c o l . 2 6 , 1 9 4 7 - 1 9 5 0 
4 2 . B u r k e WG, Chen S-H, S c o t t CR 4 Amman АЭ ( 1 9 7 7 ) 3 . C e l l . P h y s i o l . 
9 2 , 109-114 
4 3 . ÏÏürridge PW, P a e t k u V 4 Henderson 3F ( 1 9 7 7 ) 3 . I m m u n o l . _U9> 6 7 5 -
678 
4 4 . C a r a p e l l a - D e Luca E, A i u t i F, L u c a r e l l i Ρ e t a l . ( 1 9 7 8 ) 3 . P e d i a t . 
9 3 , 1 0 0 0 - 1 0 0 3 
4 5 . T ä r s o n DA 4 S e e g m i l l e r 3E ( 1 9 7 6 ) 3 . C l i n . I n v e s t . 5 7 , 2 7 4 - 2 8 2 
4 6 . Carson DA, Kaye 3 4 S e e g m i l l e r ЗЕ ( 1 9 7 7 ) P r o c . N a t l . A c a d . S c i . 
USA 7 4 , 5 6 7 7 - 5 6 8 1 
4 7 . C a r s o n DA, Kaye 3 , M a t s u m o t o S e t a l . ( 1 9 7 9 ) P r o c . N a t l . A c a d . 
S c i . 7 6 , 2 4 3 0 - 2 4 3 3 
4 8 . C a r s o n DA, Kaye 3 4 S e e g m i l l e r 3E ( 1 9 7 9 ) I n : I n b o r n e r r o r s o f 
i m m u n i t y and p h a g o c y t o s i s ( E d s . F. G u t t l e r , 3WT S e a k i n s 4 RA 
H a r k n e s s ) p p . 1 2 9 - 1 3 5 . MTP P r e s s 
4 9 . C a r s o n DA, Kaye Э 4 Wasson DB ( 1 9 8 0 ) 3 . I m m u n o l . 1 2 4 , 8-12 
5 0 . C a s t l e s 3 3 , G e r s h w i n ME, S a i t o W e t a l . ( 1 9 7 7 ) Dev. Comp. Immu­
n o l . 1., 1 6 5 - 1 7 4 
5 1 . C a r t i e r PH 4 Hamet MA ( 1 9 7 4 ) CR A c a d . S c i . ( P a r i s ) 2 7 9 , 8 8 3 - 8 8 6 
5 2 . C a r t i e r PH ( 1 9 8 0 ) 3 . B i o l . Chem. 2J>5, 4 5 7 4 - 4 5 8 2 
5 3 . Chan T-S ( 1 9 7 8 ) C e l l 1 Л , 5 2 3 - 5 3 0 
5 4 . Chan T-S ( 1 9 7 9 ) P r o c . N a t l . A c a d . S c i . USA 7 6 , 9 2 5 - 9 2 9 
5 5 . C h a n d r a P, Chanana AD 4 3 o e l DD ( 1 9 8 0 ) P r o c . S o c . E x p . B i o l . Med. 
1 6 3 , 2 9 1 - 2 9 5 
5 6 . Chang CH, Broekman RW 4 B e n n e t t LL ( 1 9 8 0 ) 3 . B i o l . Chem. 2 5 5 , 
2 3 6 6 - 2 3 7 1 
5 7 . Chapman ML, Zaun MR 4 Gracy RW ( 1 9 8 1 ) B l o c h e m . B i o p h y s . R e s . 
Comm. 9Θ, 3 0 3 - 3 1 0 
5 8 . Chechic lc BE, Rao 3 , G r e a v e s MF 4 H o f f b r a n d AV ( 1 9 8 0 ) L e u k e m i a 
R e s . 4 , 3 4 3 - 3 4 9 
5 9 . C h e c h i c k BE, S c h r a d e r WP 4 Minowada 3 ( 1 9 8 1 ) 3 . I m m u n o l . 1 2 6 , 
1 0 0 3 - 1 0 0 7 
6 0 . Chen 33 4 3ones ME ( 1 9 7 6 ) A r c h . B l o c h e m . B i o p h y s . 1 7 6 , 8 2 - 9 0 
6 1 . Chen 33 4 3ones ME ( 1 9 7 9 ) 3 . B i o l . Chem. 2 5 4 , 2 6 9 7 ^ 2 7 0 4 
6 2 . Chen S-H, Ochs riD, S c o t t CR 4 G i b l e t t ER T T ? ? ? ) C l i n . I m m u n o l . 
I m m u n o p a t h o l . Г З , 1 5 6 - 1 6 0 
6 3 . Cohen A, D o y l e D, M a r t i n DW 4 Amman A3 ( 1 9 7 6 ) N. E n g l . 3 . Med. 
2 9 5 , 1 4 4 9 - 1 4 5 4 
6 4 . Cohen A, H i r s c h h o r n R, H o r o w i t z SD e t a l . ( 1 9 7 8 ) P r o c . N a t l . 
A c a d . S c i . USA 7 5 , 4 7 2 - 4 7 6 
6 5 . Cohen A, Gudas CT, Amman A3 e t a l . ( 1 9 7 8 ) 3 . C l i n . I n v e s t . 6 1 , 
1 4 0 5 - 1 4 0 9 
6 6 . Cohen A, M a n s o u r A, Dosch H-M 4 G e l f a n d EW ( 1 9 8 0 ) C l i n . I m m u n o l . 
I m m u n o p a t h o l . 1^, 2 4 5 - 2 5 0 
6 7 . Cohen A, Lee 3WW,, Dosch H-M 4 G e l f a n d EW ( 1 9 8 0 ) 3 . I m m u n o l . 1 2 5 , 
1 5 7 8 - 1 5 8 2 
6 8 . Cohen MB, Maybaum 3 4 Sadee W ( 1 9 8 1 ) 3 . B i o l . Chem. 2 5 6 , 8 7 1 3 -
8717 
6 9 . Coleman MS, D o n o f r i o 3 , H u t t o n 33 e t a l . ( 1 9 7 8 ) 3 . B i o l . Chem. 
2 5 3 , 1 6 1 9 - 1 6 2 6 
7 0 . Coleman MS, Greenwood MF, H u t t o n 33 e t a l . ( 1 9 7 a ) B l o o d 5 2 , 
1 1 2 5 - 1 1 3 1 
7 1 . C o l l i e r КЗ 4 Ma PF ( 1 9 8 0 ) I n t . 3 . B i o c h e m . I j ? , 6 5 9 - 6 6 2 
7 2 . Cooper EL (1977) TIBS 2 , 130-132 
7 3 . Cowan M3, Cashman D 4 Ammann A3 ( 1 9 8 1 ) B i o c h e m . P h a r m a c o l . 3 0 , 
2 6 5 1 - 2 6 5 6 
168 
7 * . Cox RP, K r a u s s MR, B a l l s HE e t a l . ( 1 9 7 4 ) E x p . C e l l R e s . 8 8 , 
2 8 9 - 2 9 4 
7 5 . C r e a s e y WA 4 H a n d s c h u m a c h e r RE ( 1 9 6 1 ) 3 . B i o l . Chem. 2 3 6 , 2 0 5 8 -
2 0 6 3 
7 6 . Daddona PE S K e l l e y WN ( 1 9 8 0 ) M o l . C e l l . B l o c h e n . 2 9 , 9 1 - 1 0 1 
7 7 . Danks MK 4 S c h o l a r EM ( 1 9 7 9 ) B l o c h e n . P h a r m a c o l . 2 £ , 2 7 3 3 - 2 7 3 8 
7 8 . Danks MK 4 S c h o l a r EM ( 1 9 8 1 ) I n t . 3 . B l o c h e m . 1 3 , 1 2 6 1 - 1 2 6 4 
7 9 . De Abreu RA, Van B a a l 3M, B a k k e r e n JAOM e t a l . - Г 1 9 8 2 ) 3 . C h r o -
m a t o g r . 2 2 7 , 4 5 - 5 2 
8 0 . D é b a t t i s s e M;& B u t t i n G ( 1 9 7 7 ) Som. C e l l Gen . 3 , 4 9 7 - 5 1 1 
8 1 . De 3 o n g B, A n d e r s СЭРА, Van d e r Meer IH 4 Z i j l s t r a 3 ( 1 9 7 6 ) 
3 . Immuno l . M e t h . 1 2 , 9 1 - 1 0 2 
8 2 . Denman AM ( 1 9 7 8 ) B r i t . Med. 3 . i i , 9 8 0 - 9 8 2 
8 3 . D e n t CE & P h i l p o t t GR ( 1 9 5 4 ) L a n c e t ¿ , 1 8 2 - 1 8 5 
8 4 . D i e t z AA 4 X z e b o t a r V ( 1 9 7 7 ) C a n c e r R e s . 3 7 , 4 1 9 - 4 2 6 
8 5 . D o n o f r i o 3 , Coleman MS, H u t t o n 33 e t a l . T T 9 7 8 ) 3 . C l i n . I n v e s t . 
6 2 , 8 8 4 - 8 8 7 
8 6 . Dornand 3 , B o n n a f o u s 3C 4 Mani ЭС ( 1 9 8 0 ) FEBS 116, 2 5 5 - 2 5 8 
8 7 . D o s c h Η-M, Mansour A, Cohen A e t a l . ( 1 9 8 0 ) N a t u r e 2 8 5 , 4 9 4 - 4 9 6 
8 8 . D ó w e l l BL, S e g a r s ЗН 4 M e t z g a r RS ( 1 9 8 1 ) C a n c e r R e s . 4 1 , 3 4 3 -
3 4 5 
8 9 . Drach 3C, Thomas MA, B a r n e t t 3W e t a l . ( 1 9 8 1 ) S c i e n c e 2 1 2 , 5 4 9 -
5 5 1 
9 0 . Duhm 3 ( 1 9 7 4 ) B i o c h i m . B i o p h y s . A c t a 3 4 3 , 8 9 - 1 0 0 
9 1 . D y m i n s k i 3W, Daoud A, Lampkin ВС e t a l . ( 1 9 7 9 ) C l i n . Immuno l . 
I m m u n o p a t h o l . _14, 3 0 7 - 3 2 6 
9 2 . E d e l s o n P3 4 S c h w a b e r 3 ( 1 9 7 9 ) S c i e n c e 2 0 5 , 5 2 0 - 5 2 1 
9 3 . Edwards NL, M a g i l a v y DB, C a s s i d y 3T 4 Fox IH ( 1 9 7 8 ) S c i e n c e 
2 0 1 , 6 2 8 - 6 3 0 
9 4 . Edwards NL, Cel f a n d EW, B i g g a r D 4 Fox IH ( 1 9 7 8 ) 3 . L a b . C l i n . 
Med. 9 1 , 7 3 6 - 7 4 9 
9 5 . Edwards NL, G e l f a n d EW, Burk L e t a l . ( 1 9 7 9 ) P r o c . N a t l . A c a d . 
S c i . USA 7 6 , 3 4 7 3 - 3 4 7 6 
9 6 . Edwards NL, C a s s i d y 3T 4 Fox IH ( 1 9 8 0 ) C l i n . Immunol . Immuno­
p a t h o l . Г7, 7 6 - 8 8 
9 7 . F a h e y КЗ, O u t t e r i d g e PM 4 B u r r e l l s С ( 1 9 8 0 ) A u s t r . 3 . E x p . B i o l . 
Med. S e i . 5 8 , 5 7 1 - 5 8 3 
9 8 . F a u c i AS (ΤΨβΙ) 3 . Am. Med. A s s . 2 4 6 , 2 5 6 7 - 2 5 7 2 
9 9 . F e r r a n t e A 4 Thong YH ( 1 9 8 0 ) 3 . Immunol . M e t h . 3 4 , 2 7 9 - 2 8 5 
1 0 0 . F i s h b e i n WN, Ambrustmaker NW 4 G r i f f i n 3L ( 1 9 7 8 " P S c i e n c e 2 0 0 , 
5 4 5 - 5 4 8 
1 0 1 . F i s h b e i n WN, D a v i s 3 1 , W i n k e r t 3W 4 F i s h b e i n 3D ( 1 9 8 0 ) B i o c h e m . 
Med. 2 4 , 1 3 0 - 1 4 2 
1 0 2 . F i s h b e i n WN, D a v i s 3 1 , W i n k e r t 3W 4 S t r o n g DM ( 1 9 8 1 ) B i o c h e m . 
Med. 26, 3 7 7 - 3 8 6 
1 0 3 . F o r s d y k e DR ( 1 9 6 7 ) B i o c h e m . 3 . 1 0 5 , 6 7 9 - 6 8 4 
1 0 4 . Fox IH 4 K e l l e y WN ( 1 9 7 1 ) Ann. I n t . Med. 7 4 , 4 2 4 - 4 3 3 
1 0 5 . Fox IH 4 K e l l e y WN ( 1 9 7 2 ) 3 . B i o l . Chem. 2 4 7 , 2 1 2 6 - 2 1 3 1 
1 0 6 . Fox IH, K e y s t o n e EC, Gladman DD e t a l . ( 1 9 7 5 ) Immunol . Comm. 
4 , 4 1 9 - 4 2 7 
1 0 7 . Fox IH, A n d r e s CM, G e l f a n d EW 4 B i g g a r D ( 1 9 7 7 ) S c i e n c e 1 9 7 , 
1 0 8 4 - 1 0 8 6 
1 0 8 . Fox IH, L a c r o i x S , P l a n e t G e t a l . ( 1 9 7 7 ) M e d i c i n e 5 6 , 5 1 5 -
5 2 6 
1 0 9 . Fox IH 4 K e l l e y WN ( 1 9 7 8 ) Ann. R e v . B i o c h e m . 1 6 , 6 5 5 - 6 8 6 
1 1 0 . Fox IH, Burk L, P l a n e t G e t a l . ( 1 9 7 8 ) 3 . B ioTT Chem. 2 5 3 , 6 7 9 4 -
6 8 0 0 
1 1 1 . Fox IH, Kaminska 3 , Wortmann RL 4 H a l s e y DL ( 1 9 7 9 ) 3 . L a b . C l i n . 
Med. 9 4 , 5 2 - 5 9 
1 1 2 . Fox IH, Kaminska 3 , Edwards NL e t a l . ( 1 9 8 0 ) B i o c h e m . Gen. 1 8 , 
2 2 1 - 2 3 4 
1 1 3 . Fox IH ( 1 9 8 1 ) M e t a b o l i s m 3 0 , 6 1 6 - 6 3 4 
1 6 9 
1 1 4 . Fox RM, Wood ΜΗ 4 O ' S u l l i v a n W3 ( 1 9 7 1 ) 3 . C l i n . I n v e s t . 5 0 , 
1 0 5 0 - 1 0 6 0 
1 1 5 . F r l t z s o n Ρ ( 1 9 7 a ) A d v a n c . E n z y n e R e g . 1 6 , 4 3 - 6 1 
1 1 6 . F y f e JA, M i l l e r RL & K r e n i t s k y TA ( 1 9 7 7 7 3 . B i o l . C h e n . 2 4 8 , 
3Θ01-3Θ09 
1 1 7 . G a n e s h a g u r u K. L i e N, L l e n e l i n Ρ e t a l . ( 1 9 8 1 ) L e u k . R e s . Ъ, 
2 1 5 - 2 2 2 
1 1 8 . G a r c i a RC, L e o n i Ρ & A l l i s o n AC ( 1 9 7 7 ) B i o c h e m . B i o p h y s . R e s . 
Comm. 7 7 ' 1 0 6 7 - 1 0 7 3 
1 1 9 . G e l f a n d EW, D o s c h HM, B i g g a r WD & Fox IH ( 1 9 7 Θ ) 3'. C l i n . I n v e s t . 
6 1 , 1 0 7 1 - 1 0 8 0 
1 2 0 . G e l f a n d EW, Lee 3 3 i D o s c h HM ( 1 9 7 9 ) P r o c . N a t l . A c a d . S c i . USA 
7 6 , 1 9 9 8 - 2 0 0 2 
1 2 1 . C h a n g a s С 4 Reem GH ( 1 9 7 9 ) 3 . B i o l . Chem. 2 5 4 , 4 2 3 3 - 4 2 3 7 
1 2 2 . G i b l e t t ER, A n d e r s o n ЭЕ, Cohen F e t a l . ( 1 9 7 2 ) L a n c e t i i_, 1 0 6 7 -
1 0 6 9 
1 2 3 . G i b l e t t ER, Ammann A3, Sandman R e t a l . ( 1 9 7 5 ) L a n c e t i , 1 0 1 0 -
1 0 1 3 
1 2 4 . G i b l e t t ER ( 1 9 8 1 ) I n : The l y m p h o c y t e ( E d s . KW S e l l 4 WV M i l l e r ) , 
p p . 1 2 3 - 1 3 4 . A l a n R. R i s s , New York 
1 2 5 . Green H 4 Chan T-S ( 1 9 7 3 ) S c i e n c e 1 8 2 , 8 3 6 - 8 3 7 
1 2 6 . Green CD 4 M a r t i n DW ( 1 9 7 3 ) P r o c . N a t l . A c a d . S c i . USA 7 0 , 3 6 9 8 -
3 7 0 2 
1 2 7 . Gudas L3, Ul lman B, Cohen A 4 M a r t i n DW ( 1 9 7 8 ) C e l l 1 4 , 5 3 1 - 5 3 8 
1 2 8 . Gudas L 3 , Z a n n i s VI, C l i f t SM e t a l . ( 1 9 7 8 ) 3 . B i o l . ^ h e m . 2 5 3 , 
8 9 1 6 - 8 9 2 4 
1 2 9 . H a l l a k G3 4 W i l k i n s o n 3H ( 1 9 7 7 ) Enzyme 2 2 , 3 6 1 - 3 6 9 
1 3 0 . H a r k r a d e r R 3 , B o r i t s k y Τ 4 O a c k s o n RL ( T 9 8 1 ) B i o c h e m . P h a r m a c o l . 
3 0 , 1 0 9 9 - 1 1 0 4 
1 3 1 . H a r l e y EH 4 Losman M3 ( 1 9 8 1 ) I n t . 3 . B i o c h e m . 1 3 , 2 4 7 - 2 4 9 
1 3 2 . Harrap KR 4 P a i n e RM ( 1 9 7 7 ) A d v a n c . Enzyme R e g . 15, 1 6 9 - 1 9 3 
1 3 3 . H a u r a n i F I , K a r d i n a l LG 4 B i e r m a n n WA ( 1 9 7 8 ) 3 . C e l l . P h y s i o l . 
9 5 , 4 9 - 5 6 
1 3 4 . H e d e s k o v C3 ( 1 9 6 8 ) B i o c h e m . 3 . 1 1 0 , 3 7 3 - 3 8 0 
1 3 5 . H e n d e r s o n 3 F , F r a s e r ЗН 4 M c C o y T E ( 1 9 7 4 ) C l i n . B i o c h e m . 7, 
3 3 9 - 3 5 8 
1 3 6 . H e n d e r s o n 3 F , B r o x L, Zombor G e t a l . ( 1 9 7 7 ) B i o c h e m . P h a r m a c . 
2 6 , 1 9 6 7 - 1 9 7 2 
1 3 7 . H e n d e r s o n 3F ( 1 9 7 9 ) I n : P h y s i o l o g i c a l and r e g u l a t o r y f u n c t i o n s 
o f a d e n o s i n e and a d e n i n e n u c l e o t i d e s ( E d s . HP B a e r 4 GI Drum­
m o n d ) , p p . 3 1 5 - 3 2 2 . Raven P r e s s , New York. 
1 3 8 . H e n d e r s o n 3 F , S c o t t FW 4 Lowe 3K ( 1 9 8 0 ) P h a r m a c . T h e r . 8 , 5 7 3 -
6 0 4 
1 3 9 . H e n d e r s o n 3F 4 S c o t t FW ( 1 9 8 0 ) P h a r m a c . T h e r . 8 , 5 3 9 - 5 7 1 
1 4 0 . H e n d e r s o n 3F 4 S m i t h CM ( 1 9 8 1 ) I n : N u c l e o s i d e s and c a n c e r t r e a t ­
m e n t ( E d s . ΜΗΝ T a t t e r s a l l 4 RM F o x ) , pp . 2 0 8 - 2 1 7 . A c a d e m i c 
P r e s s , S y d n e y 
1 4 1 . H e r s h f i e l d MS 4 S e e g m i l l e r 3E ( 1 9 7 7 ) 3 . B i o l . Chem. 2 5 2 , 6 0 0 2 -
6 0 1 0 
1 4 2 . H e r s h f i e l d MS, S n y d e r FF 4 S e e g m i l l e r 3E ( 1 9 7 7 ) S c i e n c e 1 9 7 , 
1 2 8 4 - 1 2 8 7 
1 4 3 . H e r s h f i e l d MS ( 1 9 7 9 ) 3 . B i o l . Chem. 2 5 4 , 2 2 - 2 5 
1 4 4 . H e r s h f i e l d MS, K r e d i c h NM, Ownby DR e t a l . ( 1 9 7 9 ) 3 . C l i n . I n ­
v e s t . 6 3 , 8 0 7 - 8 1 1 
1 4 5 . H e r s h f i e l d MS 4 K r e d i c h NM ( 1 9 8 0 ) P r o c . N a t l . A c a d . S c i . USA 
7 7 , 4 2 9 2 - 4 2 9 6 
1 4 6 . H e r s h f i e l d MS ( 1 9 8 1 ) 3 . C l i n . I n v e s t . £ 7 , 6 9 6 - 7 0 1 
1 4 7 . H e r s h k o A, R a z i n A 4 Mager 3 ( 1 9 6 9 ) B i o c h i m . B i o p h y s . A c t a 
1 8 4 , 6 4 - 7 6 
1 4 8 . H e r z f e l d A 4 R a p e r SM ( 1 9 8 0 ) C a n c e r R e s . 4 0 , 7 4 4 - 7 5 0 
1 4 9 . H i l l DL 4 B e n n e t t LL ( 1 9 6 9 ) B i o c h e m i s t r y 8 , 1 2 2 - 1 3 0 
1 5 0 . H i r s c h h o r n R, Grossman 3 4 Weissmann G ( 1 9 7 0 ) P r o c . S o c . E x p . 
B i o l . Med. Г З З , 1 3 6 1 - 1 3 6 5 
1 7 0 
1 5 1 . H i r s c h h o r n R & L e v y t s k a V ( 1 9 7 * ) C e l l . Immunol. 12_, 3 8 7 - 3 9 5 
1 5 2 . H i r s c h h o r n R & S e l a E ( 1 9 7 7 ) C e l l . Immunol. 3 2 , 3 5 0 - 3 6 0 
1 5 3 . H i r s c h h o r n R, M a r t i n i u k F S Rosen FS ( 1 9 7 Θ ) C l i n . Immunol. I m -
m u n o p a t h o l . 9 , 2 Θ 7 - 2 9 2 
1 5 * . H i r s c h h o r n R, V a w t e r GF, K i r k p a t r i c k ЗА 4 Rosen FS ( 1 9 7 9 ) 
C l i n . Immunol. I m m u n o p a t h o l . 1 Л , 1 0 7 - 1 2 0 
1 5 5 . H i r s c h h o r n R, Roegner V, Oenkins Τ e t a l . ( 1 9 7 9 ) 3 . C l i n . I n ­
v e s t . 6 * , 1 1 3 0 - 1 1 3 9 
1 5 6 . H i r s c h h o r n R, B a j a j S, Borkowsky W e t a l . ( 1 9 7 9 ) C e l l . Immunol. 
* 2 , * 1 8 - * 2 3 i 
1 5 7 . H i r s c h h o r n R, Roegner V, R u b i n s t e i n A & P a p a g e o r g i o u Ρ ( 1 9 8 0 ) 
3 . C l i n . I n v e s t . 6 5 , 7 6 8 - 7 7 1 
1 5 8 . H i r s c h h o r n R, P a p a g e o r g i o u P, K e s a r w a l a HH & T a f t LT ( 1 9 8 0 ) 
N. E n g l . 3,, Med. 3 0 3 , 3 7 7 - 3 8 0 
1 5 9 . H i r s c h h o r n ' R 4 R a t e c h Η ( 1 9 8 0 ) C u r r e n t t o p i c s i n b i o l o g i c a l 
and m e d i c a l r e s e a r c h 4 , 1 3 1 - 1 5 7 
1 6 0 . H i r s c h h o r n R 4 R a t e c h H ( 1 9 8 0 ) I n : P r i m a r y i m m u n o d e f i c i e n c i e s . 
INSERM symp. n o . 16 ( E d s . M S e l i g m a n 4 WH H i t z i g ) , pp. 2 3 7 - 2 5 0 , 
E l s e v i e r / N o r t h H o l l a n d 
1 6 1 . H i t z i g WH, Dooren L3 4 Vossen 3H ( 1 9 7 8 ) S p r i n g e r Sem. Immuno-
p a t h o l . 1 , 2 8 3 - 2 9 8 
1 6 2 . Hoffman ÜR, C o r n a t z e r WE 4 Duerre ЗА ( 1 9 7 9 ) Can. 3 . Biochem. 
5 7 , 5 6 - 6 5 
1 6 3 . Holmes EW, McDonald ЗА, McCord 3M e t a l . ( 1 9 7 3 ) 3 . B i o l . Chem. 
2 * 8 , 1 * * - 1 5 0 
1 6 * . Hoogenraad N3 4 Lee DC ( 1 9 7 * ) 3 . B i o l . Chem. 2j»9, 2 7 6 3 - 2 7 6 8 
1 6 5 . Hooton 3WL 4 H o f f b r a n d AV ( 1 9 7 6 ) B r i t . 3 . H a e m a t o l . 3 3 , 5 2 7 - 5 3 7 
1 6 6 . Hovi Τ, A l l i s o n AC 4 A l l s o p 3 ( 1 9 7 5 ) FEBS L e t t . 5 5 , I ? l - 2 9 3 
1 6 7 . Hovi T, Smyth 3 F , A l l i s o n AC 4 W i l l i a m s SC ( 1 9 7 6 " F C l I n . Exp. 
Immunol. 2 3 , 3 9 5 - * 0 3 
1 6 8 . Hovi T, ATTison AC, R a i v i o K0 4 V a h e r i A ( 1 9 7 7 ) Ciba F o u n d a t i o n 
symposium * £ , 2 2 5 - 2 * 8 
1 6 9 . Huguley CM, Bain ЗА, R i v e s S 4 Scoggins R ( 1 9 5 9 ) Blood 1 * , 615 
1 7 0 . Hulsman WH, R a i v i o KO 4 Becker MA ( 1 9 7 9 ) 3 . B i o l . Chem. 2 5 * , 
1 2 5 9 5 - 1 2 6 0 2 
1 7 1 . H u n t i n g D 4 Henderson 3F ( 1 9 7 8 ) Biochem. P h a r m a c o l . 2 7 , 2 1 6 3 -
2169 
1 7 2 . H u n t i n g D 4 Henderson 3F ( 1 9 8 1 ) Can. 3 . Biochem. 2 І » 7 2 3 - 7 2 7 
1 7 3 . H u n t i n g D 4 Henderson 3F ( 1 9 8 1 ) Can. 3 . Biochem. 5 9 , 8 3 0 - 8 3 7 
1 7 * . H u n t i n g D, Hordern 3 4 Henderson 3F ( 1 9 8 1 ) Can. 3 . Biochem. 
Ъ?, 8 3 8 - 8 * 7 
1 7 5 . H u t t o n 3 3 , W i g l n t o n DA, Coleman MS e t a l . ( 1 9 8 1 ) 3 . C l i n . I n ­
v e s t . 6 8 , * 1 3 - * 2 1 
1 7 6 . I k e z a w a Z, N i s h i n o T, Murakami К 4 T s u c h i y a К ( 1 9 7 8 ) Comp. B i o ­
chem. P h y s i o l . 6 0 B , 1 1 1 - 1 1 6 
1 7 7 . I s h i i К 4 Green H ( 1 9 7 3 ) 3 . C e l l S c i . .13, * 2 9 - * 3 9 
1 7 8 . I t o К 4 Uchino H ( 1 9 7 1 ) 3 . B i o l . Chem. 2 ^ 6 , * 0 6 0 - * 0 6 5 
1 7 9 . I t o К 4 Uchino H ( 1 9 7 3 ) 3 . B i o l . Chem. 2 * 8 , 3 8 9 - 3 9 2 
1 8 0 . I t o К 4 Uchino H ( 1 9 7 6 ) 3 . B i o l . Chem. 2 5 * . 1 * 2 7 - 1 * 3 0 
1 8 1 . I v e s DH 4 Durham ЗР ( 1 9 7 0 ) 3 . B i o l . Chem. 2 * 5 , 2 2 8 5 - 2 2 9 * 
1 8 2 . 3ackson RC, M o r r i s HP 4 Weber G ( 1 9 7 8 ) Br. 3 . Cancer 21> 7 0 1 - 7 1 3 
1 8 3 . 3ackson RC, G o u l d i n g F3 4 Weber G ( 1 9 7 9 ) 3 . N a t l . C a n c e r . I n s t . 
6 2 , 7 * 9 
1 8 * . 3äckson RC, Ross DA, H a r k r a d e r R3 4 E p s t e i n 3 ( 1 9 8 0 ) Cancer 
T r e a t m . Rep. 6 * , 1 3 * 7 - 1 3 5 3 
1 8 5 . 3enk ins T, Rabson AR, Nurse GT e t a l . ( 1 9 7 6 ) 3 . P e d i a t . 8 9 , 
7 3 2 - 7 3 6 
1 8 6 . 3ones ME ( 1 9 8 0 ) Ann. Rev. Biochem. * £ , 2 5 3 - 2 7 9 
1 8 7 . 3ohnson SM, North ME, Asherson GL e t a l . ( 1 9 7 7 ) Lancet i , 1 6 8 - 1 7 0 
1 8 8 . Johnston ЗМ 4 K r e d i c h NM ( 1 9 7 9 ) 3 . Immunol. 1 2 3 , 9 7 - 1 0 3 
1 8 9 . Kamatani N & Carson DA ( 1 9 8 1 ) B i o c h i m . B i o p h y s . Acta 6 7 5 , 3 * * - 3 5 0 
1 9 0 . Kaminska 3F 4 Fox I H ( 1 9 8 0 ) 3 . Lab. C l i n . Med. 9 6 , 1 * 1 - 1 * 7 
171 
1 9 1 . Kamoun Ρ, Chanard 3 , B r a n i M i F u n c k - B r e n t a n o 3L ( 1 9 7 8 ) C l i n . 
S c i . M o l . Med. 5 * , 5 9 5 - 6 0 1 
1 9 2 . Kay DE 4 Handmalter SD ( 1 9 7 0 ) Exp. C e l l Res. 6 3 , Μ 1 - * 2 1 
1 9 3 . Kay ЭЕ, Ahen T, L i n d s a y V3 & Sampson 3 ( 1 9 7 5 T ~ B i o c h i m . B i o p h y s . 
Acta 3 7 8 . 2 4 1 - 2 5 0 
1 9 4 . Kay NMB ( 1 9 7 9 ) Mech. Ageing D e v e l o p . 9 , 3 9 - 5 9 
1 9 5 . K e f f o r d RF & Fox RM ( 1 9 8 2 ) Cancer Res. 4 2 , 3 2 4 - 3 3 0 
1 9 6 . K e l l e y WN ( 1 9 7 4 ) Enzyme 1 8 , 1 6 1 - 1 7 5 
1 9 7 . K e l l e y WN, Holmes EW i Van der Weyden MB ( 1 9 7 5 ) A r t h r i t i s Rheum. 
1 8 , 6 7 3 - 6 8 0 
19Θ. ÏTënsler TW, Cooney DA, З а у а г а т ΗΝ e t a l . ( 1 9 8 1 ) A n a l . Biochem. 
1 1 7 , 3 1 5 - 3 1 9 
1 9 9 . Kim BK, Cha S & P a r k s RE ( 1 9 6 8 ) 3 . B i o l . Chem. 2 4 3 , 1 7 6 3 - 1 7 7 0 
2 0 0 . K l a u s h o f e r К, Mayer D, Hummel W 4 Von Mayerback H ( 1 9 7 9 ) 
Enzyme 24, 7 7 - 8 4 
2 0 1 . Kozai Y, Sonoda S, Kobayashi S & Sugino V ( 1 9 7 2 ) 3 . Biochem. 
7 1 , 4 8 5 - 4 9 6 
2 0 2 . I T r e d i c h NM 4 H e r s h f i e l d MS ( 1 9 7 9 ) P r o c . N a t l . Acad. S c i . USA 
7 6 , 2 4 5 0 - 2 4 5 4 
2 0 3 . K r e n l t s k y TA, T u t t l e 3V, K o s z a l k a GW e t a l . ( 1 9 7 6 ) 3 . B i o l . 
Chem. 2 5 1 , 4 0 5 5 - 4 0 6 1 
2 0 4 . K r u i sbeek AM ( 1 9 7 Θ ) Thymus-dependent immune c o m p e t e n c e . E f f e c t s 
o f a g e i n g , tumour- and t h y m i c humoral f u n c t i o n . T h e s i s , S t a t e 
U n i v e r s i t y o f U t r e c h t 
2 0 5 . K r y g i e r V 4 Momparler RL ( 1 9 7 1 ) 3 . B i o l . Chem. 2 4 6 , 2 7 5 2 - 2 7 5 7 
2 0 6 . K u t t e s c h 3 F , S c h m a l s t i e g FC 4 N e l s o n ЗА ( 1 9 7 8 ) 3 . L i q . Cljromat. 
1 , 9 7 - 1 0 9 
2 0 7 . L a z a r y S, De Weck AL, Gerber H e t a l . ( 1 9 7 3 ) Ζ. Immun. F o r s c h . 
1 4 5 , 3 6 1 - 3 7 5 
2 0 8 . L e v i n e RL, Hoogenraad N3 4 K r e t c h m e r N ( 1 9 7 4 ) P e d i a t . Res. 8^ 
7 2 4 - 7 3 4 
2 0 9 . Lesch M 4 Nyhan WL ( 1 9 6 4 ) Am. 3 . Med. ¿6, 561 -570 
2 1 0 . L i n AL 4 E l f o r d HL ( 1 9 8 0 ) 3 . B i o l . Chem. ^ 5 5 , 8 5 2 3 - 8 5 2 8 
2 1 1 . L i n g NR 4 Kay ЗЕ ( 1 9 7 5 ) Lymphocyte s t i m u l a t i o n . 2nd e d i t i o n . 
N o r t h H o l l a n d , Amsterdam 
2 1 2 . Lowry OH, Rosebrough N3, F a r r AL 4 R a n d a l l R3 ( 1 9 5 1 ) 3 . B i o l . 
Chem. 1 9 3 , 2 6 5 - 2 7 5 
2 1 3 . Lucas 2 ! Г ( 1 9 6 7 ) S c i e n c e 1 5 6 , 1 2 3 7 - 1 2 3 9 
2 1 4 . Lucas 23 ( 1 9 6 9 ) I n : P r o c . 3 r d Ann. L e u c o c y t e C u l t u r e c o n f e r e n c e , 
1 9 6 7 , Iowa C i t y , pp. 6 5 5 - 6 6 8 . A p p l e t o n - C e n t u r y - C r o f t s , New Y o r k . 
2 1 5 . Ludwig H, K u z m i t s R, Pietschmann H 4 M ü l l e r MM ( 1 9 7 9 ) B l u t 3 9 , 
309 -315 
2 1 6 . Lukey Τ 4 Snyder FF ( 1 9 8 0 ) Can. 3 . Biochem. 5 8 , 6 7 7 - 6 8 2 
2 1 7 . Lukey Τ 4 Snyder FF ( 1 9 8 1 ) Сотр. Biochem. P h y s i o l . 69B, 5 4 7 - 5 5 1 
2 1 8 . Lum CL, M a r r R, Plagemann PCW 4 W o h l h u e t e r RM ( 1 9 7 9 " Г _ 3 . C e l l . 
P h y s i o l . 1 0 1 , 1 7 3 - 2 0 0 
2 1 9 . Ma PF 4 Magers ТА ( 1 9 7 5 ) I n t . 3 . Biochem. 6, 2 8 1 - 2 8 6 
2 2 0 . MacDermott RP, T r i t s c h GL 4 F o r m e i s t e r 3F T 1 9 8 0 ) C l i n . Exp. 
Immunol. 4 2 , 3 0 3 - 3 0 7 
2 2 1 . Magnuson Ñ5 4 Perryman LE ( 1 9 7 9 ) 3 . C l i n . I n v e s t . 6 4 , 8 9 - 1 0 1 
2 2 2 . Magnuson NS 4 Perryman LE ( 1 9 8 0 ) Сотр. Biochem. P h y s i o l . 67B, 
2 0 5 - 2 1 1 
2 2 3 . Magnuson NS, McConnel l LA 4 Perryman LE ( 1 9 8 1 ) Сотр. Biochem. 
P h y s i o l . 70B, 2 7 9 - 2 8 8 
2 2 4 . Manery 3F 4 Dryden ЕЕ ( 1 9 7 9 ) I n : P h y s i o l o g i c a l and r e g u l a t o r y 
f u n c t i o n s o f a d e n o s i n e and a d e n i n e n u c l e o t i d e s ( E d s . HP Baer 
& GI Drummond), pp. 3 2 3 - 3 3 9 . Raven P r e s s , New York 
2 2 5 . Marcolongo R, Pompucci G 4 M i c h e l l l V ( 1 9 7 5 ) E x p e r i e n t i a 3 1 , 
1139 
2 2 6 . Marone G, P l a u t M 4 L i c h t e n s t e i n LM ( 1 9 8 0 ) La r i c e r c a C l i n . 
Lab. Π ) , 3 0 3 - 3 1 2 
2 2 7 . M a r t i n DW 4 G e l f a n d EW ( 1 9 8 1 ) Ann. Rev. Biochem. 5 0 , 8 4 5 - 8 7 7 
172 
2 2 8 . May RA 4 H o f f e e Ρ ( 1 9 7 9 ) A r c h . B l o c h e n ) . B l o p h y s . 1 9 3 , 3 9 8 - 4 0 6 
2 2 9 . M c C u l r e Τ, P o l l a r a В, Moore 33 & P o p p i e МЗ ( 1 9 7 6 ) I n f e c . Immun. 
1_3, 9 9 5 - 9 9 7 
2 3 0 . McGulre T, Perryman LE 4 Banks KL ( 1 9 8 1 ) V e t . Immunol . Immuno-
p a t h o l . 2 , 1 0 1 - 1 0 9 
2 3 1 . M c H a f f l e RA 4 Wang CH ( 1 9 6 7 ) B l o o d 2 9 , 6 4 0 - 6 * 6 
2 3 2 . Meyer 3 4 N y g a a r d Ρ ( 1 9 7 9 ) Leukemia R e s . 3 , 2 1 1 - 2 1 6 
2 3 3 . M e y s k e n s RL 4 W i l l i a m s HE ( 1 9 7 1 ) B i ö c h i m . B i o p h y s . A c t a 2 4 0 , 
1 7 0 - 1 7 9 
2 3 4 . M i l l e r RL, Ariamczyk DL, M i l l e r WH e t a l . ( 1 9 7 9 ) 3 . B i o l . Chem. 
2 5 4 , 2 3 4 6 - 2 3 5 2 
2 3 5 . M i t c h e l l BS, M e i j a s E, Daddona PE 4 K e l l e y WN ( 1 9 7 8 ) P r o c . N a t i . 
A c a d . S c i . 7 5 , 5 0 1 1 - 5 0 1 4 
2 3 6 . M i t c h e l l Β $ , K o l l e r CA 4 Heyn R ( 1 9 8 0 ) B l o o d 5 6 , 5 5 6 - 5 5 9 
2 3 7 . M i t c h e l l B5 4 K e l l e y WN ( 1 9 8 0 ) Ann. I n t . M e d . - ? ^ , 8 2 6 - 8 3 1 
2 3 8 . Moore EC 4 H u r i b e r t RB ( 1 9 6 6 ) 3 . B i o l . Chem. 2 4 1 , 4 8 0 2 - 4 8 0 9 
2 3 9 . M ü l l e r MM, P i s c h e k C, S c h e i n e r 0 e t a l . ( 1 9 7 9 T ~ B l u t 3 8 , 4 4 7 - 4 5 5 
2 4 0 . M ü l l e r MM, P i s c h e k G, S c h e i n e r 0 e t a l . ( 1 9 8 0 ) B l u t 4<T, 1 3 7 - 1 4 5 
2 4 1 . M ü l l e r WEG, Zahn RK, A r e n d e s 3 e t a l . ( 1 9 7 8 ) H o p p e - S e y l e r · s Ζ. 
P h y s i o l . Chem. 3 5 9 , 1 2 8 7 - 1 2 9 5 
2 4 2 . M u n c h - P e t e r s e n В, T y r s t e d G 4 Dupont В ( 1 9 7 3 ) E x p . C e l l R e s . 
7 9 . 2 4 9 - 2 5 6 
2 4 3 . M u n c h - P e t e r s e n В 4 T y r s t e d С ( 1 9 7 7 ) B i o c h l m . B i o p h y s . A c t a 
4 7 8 , 3 6 4 - 3 7 5 
2 4 4 . Murray AW ( 1 9 7 1 ) Ann. R e v . B i o c h e m . 4 0 , 8 1 1 - 8 2 6 
2 4 5 . M u s i c k WDL ( 1 9 8 1 ) CRC C r i t . R e v . B i o c h e m . 1 1 , 1 - 3 4 
2 4 6 . N e l s o n ЗА, K u t t e s c h 3 F , Co ldb lum RM e t a l . - Г 1 9 7 9 ) I n : P h y s i o l o -
c a l and r e g u l a t o r y f u n c t i o n s o f a d e n o s i n e and a d e n i n e n u c l e o t i ­
d e s ( E d s . HP B a e r 4 CI Drummond), p p . 4 1 7 - 4 2 7 . Raven P r e s s , 
New York 
2 4 7 . Newby AC ( 1 9 8 0 ) B i o c h e m . 3 . 1 8 6 , 9 0 7 - 9 1 8 
2 4 8 . Newby AC 4 H o l m q u i s t CA ( 1 9 8 Т Г В і о с ( і е п і . 3 . 
2 4 9 . N i s h i d a V, Kamatan i N, T a n i m o t o К 4 Akaoka 
t l o n 9 , 5 4 9 - 5 5 2 
2 5 0 . N i s h i d a Y, O k u d a i r a K, T a n i m o t o К 4 Akaoka I ( 1 9 8 0 ) E x p . H e m a t . 
8 , 5 9 3 - 5 9 8 
2 5 1 . U i s h i d a Y, Akaoka I 4 H o r i u c h l Y ( 1 9 8 1 ) B i o c h e m . Med. 2 6 , 3 8 7 -
3 9 4 
2 5 2 . N o r d e e n SK 4 Young DA ( 1 9 7 7 ) 3 . B i o l . Chem. 2 5 2 , 5 3 2 4 - 5 3 3 1 
2 5 3 . N o r t h ME, Newton CA 4 W e b s t e r ADB ( 1 9 8 0 ) C l i n . E x p . Immuno l . 
4 2 , 5 2 3 - 5 2 9 
2 5 4 . Ochs UH, Chen S-H, O c h s HD e t a l . ( 1 9 7 9 ) 3 . Immunol . 1 2 2 , 2 4 2 4 -
2 4 3 0 
2 5 5 . O ' L e a r y 3 3 , Mehta C, H a l l D3 4 R o s e n b e r g A ( 1 9 8 0 ) C e l l T i s s u e 
K i n . 1 3 , 2 1 - 3 2 
2 5 6 . O s b o r n e WRA, Chen S-H, G i b l e t t ER e t a l . ( 1 9 7 7 ) 3 . C l i n . I n v e s t . 
6 0 , 7 4 1 - 7 4 6 
2 5 7 . O s b o r n e WRA ( 1 9 8 0 ) 3 . B i o l . Chem. 2 5 5 , 7 0 8 9 - 7 0 9 2 
2 5 8 . O s b o r n e WRA, S u l l i v a n 3L 4 S c o t t CR ( 1 9 8 0 ) Immunol . Comm. 9 , 
2 5 7 - 2 6 7 
2 5 9 . O s b o r n e WRA ( 1 9 8 1 ) TIBS 6, 8 0 - 8 1 
2 6 0 . P a g l i a DE 4 V a l e n t i n e WN ( 1 9 7 5 ) 3 . B i o l . Chem. 2 5 0 , 7 9 7 3 - 7 9 7 9 
2 6 1 . Parkman R, G e l f a n d EW, R o s e n FB e t a l . ( 1 9 7 5 ) N. E n g l . 3 . Med. 
2 9 2 , 7 1 4 - 7 1 9 
2 6 2 . P a r k s RE, S t o e c k l e r 3D, Cambor С e t a l . ( 1 9 8 1 ) I n : M o l e c u l a r 
a c t i o n s and t a r g e t s f o r c a n c e r chemo t h e r a p e u t ! с a g e n t s , p p . 
2 2 9 - 2 5 2 . A c a d e m i c P r e s s , I n c . 
2 6 3 . P a t t e r s o n ARP, K o l a s s a N 4 C a s s CE ( 1 9 8 1 ) P h a r m a c . T h e r . 1 2 , 
5 1 5 - 5 3 6 
2 6 4 . P a u s c h J , K e p p l e r D 4 D e c k e r К ( 1 9 7 2 ) B i o c h i m . B i o p h y s . A c t a 
2 5 8 , 3 9 5 - 4 0 3 
2 6 5 . P a y n e MR, D a n c i s 3 , Berman PH 4 B a l i s ME ( 1 9 7 0 ) E x p . C e l l R e s . 
5 9 , 4 8 9 - 4 9 0 
2 0 0 , 3 9 9 - 4 0 3 
T T 1 9 7 9 ) A g e n t Ac-
1 7 3 
2 6 6 . P e g a r a r o L i Bernengo HG ( 1 9 7 1 ) Exp. C e l l Res. 6 8 , 2 8 3 - 2 9 0 
2 6 7 . P e t e r s CO A Veerkamp ЭН ( 1 9 7 9 ) I n t . 3 . B l o c h e n . 1 0 , 8 8 5 - 8 8 8 
2 6 8 . P e t e r s GO, O o s t e r h o f A & Veerkamp ЗН ( 1 9 8 0 ) A r c h . I n t . P h y s i o l . 
Blochem. 8 8 , B 2 * l - 2 * 2 
2 6 9 . P e t e r s CO, O o s t e r h o f A & Veerkamp ЗН ( 1 9 8 1 ) I n t . 3 . Blochem. 
1 3 , ^ 5 - ^ 5 5 
2 7 0 . P e t e r s CO, O o s t e r h o f A t Veerkamp ЗН ( 1 9 8 1 ) I n t . 3 . Blochem. 
1 3 , 5 7 7 - 5 8 3 
2 7 1 . T ö t e r s G3, O o s t e r h o f A 4 V e e г к а и р ЗН ( 1 9 8 2 ) I n t . . 3 . Blochem. 
I n p r e s s 
2 7 2 . P e t e r s G3 à Veerkamp ЗН ( 1 9 8 2 ) V e t . Immunol. I m m u n o p a t h o l . , I n 
p r e s s 
2 7 3 . P e t e r s G3, O o s t e r h o f A & Veerkamp ЗН ( 1 9 8 2 ) B i o l . N e o n . , I n p r e s s 
2 7 4 . P e t e r s C3, O o s t e r h o f A à Veerkamp ЗН ( 1 9 8 2 ) B i o c h l m . B l o p h y s . 
A c t a , s u b m i t t e d f o r p u b l i c a t i o n 
2 7 5 . P e t e r s G3, O o s t e r h o f A & Veerkamp ЗН ( 1 9 8 2 ) Eur. 3 . B l o c h e m . , 
s u b m i t t e d f o r p u b l i c a t i o n 
2 7 6 . P e t e r s G3, O o s t e r h o f A & Veerkamp ЗН ( 1 9 8 2 ) Comp. Blochem. 
P h y s i o l . , I n p r e s s 
2 7 7 . Plagemann PGW & W o h l h u e t e r RM ( 1 9 8 0 ) C u r r e n t t o p i c s I n membra­
nes and t r a n s p o r t 1 4 , 2 2 5 - 2 3 0 
2 7 8 . P l a n e t G 4 Fox I H T T 9 7 6 ) 3 . B i o l . Chem. 2 5 1 , 5 8 3 9 - 5 8 4 4 
2 7 9 . Polmar SH, W e t z l e r EM, S t e r n RC & H l rschKörn R ( 1 9 7 5 ) Lancet 
1 1 , 7 4 3 - 7 4 6 
2 8 0 . folmar SH, S t e r n RC, Schwartz AL e t a l . ( 1 9 7 6 ) N. Eng. 3 . Med. 
2 9 5 , 1 3 3 7 - 1 3 4 3 
2 8 1 . 'PöTmar SH ( 1 9 8 0 ) Seminars H e m a t o l . 1 7 , 3 0 - 4 3 
2 8 2 . Poplack DG, S a l l a n SE, R i v e r a G e t a l . ( 1 9 8 1 ) Cancer Res . 4 1 , 
3 3 4 3 - 3 3 4 6 
2 8 3 . Poplack DG, B l a t t 3 i Reaman G ( 1 9 8 1 ) Cancer Res. 4 1 , 4 8 2 1 - 4 8 2 3 • 
2 8 4 . P r e n t i c e HG, Smyth 3F , Ganeshaguru К e t a l . ( 1 9 8 0 ) L a n c e t 1 1 , 
1 7 0 - 1 7 2 
2 8 5 . R a l s o n n i e r A, Bouma M-E, S a l v a t С It I n f a n t e R ( 1 9 8 1 ) E u r . 3 . 
Biochem. 1 1 8 , 5 6 5 - 5 6 9 
2 8 6 . R a i v l o K 0 - S - H o v i Τ ( 1 9 7 7 ) Advances Exp. Med. B i o l . 76A, 4 4 8 - 4 5 5 
2 8 7 . R a i v i o КО 4 Hovi Τ ( 1 9 7 8 ) Exp. C e l l . Res. 1 1 6 , 7 5 - 8 3 
2 8 8 . R a i v i o КО ( 1 9 8 0 ) E u r . 3 . P e d i a t . 1 3 5 , 1Э-2І5 
2 8 9 . R a i v i o КО, L a z a r CS 4 Becker MA ( T ? 8 1 ) B i o c h i m . B i o p h y s . Acta 
6 7 8 , 5 8 - 6 4 
2 9 0 . ÏÏiTvio KO, Lazar CS, Krumholz HR 4 Becker MA ( 1 9 8 1 ) B ioch im. 
B iophys . Acta 6 7 8 , 5 1 - 5 7 
2 9 1 . Ramot B, Brok - Simoni F, Barnea N e t a l . ( 1 9 7 7 ) B r i t . 3 . Haema-
t o l . 3 6 , 6 7 - 7 0 
2 9 2 . Rapoport E 4 Zamecnik PC ( 1 9 7 8 ) P r o c . N a t l . Acad. S c i . 7 5 , 
1 1 4 5 - 1 1 4 7 
2 9 3 . Ratech H, McCarthy GW 4 Neuwissen НЗ ( 1 9 8 0 ) Comp. Biochem. 
P h y s i o l . 6 7 В , 3 3 3 - 3 3 5 
2 9 4 . Ratech H ï H Î I r s c h h o m R ( 1 9 8 1 ) C l i n . Chim. Acta I T S , 3 4 1 - 3 4 7 
2 9 5 . Ratech H, Thorbecke G3 4 H i r s c h h o r n R ( 1 9 8 1 ) C l i n . Immunol . 
Immunopathol . 21. , 1 1 9 - 1 2 7 
2 9 6 . Ratech H, Thorbecke СЭ, H e r e d i t h G 4 H i r s c h h o r n R ( 1 9 8 1 ) Enzyme 
2 6 , 7 4 - 8 4 
2 9 7 . ÏÏëaman GH, B l a t t 3 4 Poplack DG ( 1 9 8 1 ) Blood 5 8 , 330 -332 
2 9 8 . Recker DP, Edwards NL 4 Fox IH ( 1 9 8 0 ) 3 . Lab. C l i n . Med. 9 5 , 
175 -179 
2 9 9 . Reem GH ( 1 9 7 4 ) 3 . B i o l . Chem. 2 4 9 , 1 6 9 6 - 1 7 0 3 
3 0 0 . R e i b e l DK 4 R o v e t t o M3 ( 1 9 7 8 ) 3 . Chromatogr . 1 6 1 , 406 -409 
3 0 1 . Re ichard Ρ ( 1 9 7 8 ) F e d . P r o c . 3 7 , 9 - 1 4 
3 0 2 . Rich КС, A r n o l d W3, P a l e l l a ТТЕ Fox I H ( 1 9 7 9 ) Am. 3 . Med. 6 7 , 
1 7 2 - 1 7 6 
3 0 3 . R i c h КС, M e i j a s E 4 Fox IH ( 1 9 8 0 ) N. Eng. 3 . Med. ЗОЗ, 9 7 3 - 9 7 7 
3 0 4 . Robbins DL 4 Gershwin ME ( 1 9 7 8 ) Sem. A r t h r i t . Rheum. 7 , 3 2 5 - 3 7 1 







3 1 1 . 
312. 

























3 3 8 . 
339. 
3*0 . 
Roberts W, Kartha M 4 Sagone AL (1979) Rad ia t ion Res. 79, 601 -
610 
Roth DG 4 Deuel TF (197*) 3. B i o l . Chem. 2*9 , 297-301 
Roth DG, Shelton E 4 Deuel TF (197*) 3. B i o l . Chem. 2*9, 291 -
296 
Roux 3M (1973) Enzyme 15, 361-377 
Rowe M 4 Johnson SM (1T79) B iochen. Soc. Trans. 7, 997 
Rowe M, De Gast GL, P l a t t s - H i l l s TAF et a l . (1980T C l i n . 
Exp. Immunopathol. 39, 337-3*3 
Rubins te in Л, H i r s c h h o r n R, S i c k l i c k M 4 Murphy RA (1979) N. 
Eng. 3. Med. 300, 387-392 
Russel l NH, P r e n t i c e HG, Lee N et a l . (1981) B r i t . 3. Haematol. 
* 9 , 1-9 
Sagone AL,. LoBugl io A 4 Balzercak Ρ (197*) C e l l . Immunol. 1 * , 
**3-*52 
Sakura N, Usui Τ 4 I t o К (1980) Hiroshima 3. Med. S c i . 29, 195-
201 
Sandman R, Ammann A3, Croce С 4 Wara DW (1977) C l i n . Immunol. 
Immunopathol. 8, 2*7-253 
Sasaki R, B o l l um F3 4 Goldschneider I (1980) 3. Immunol. 125, 
2501-2503 
Savage В 4 Spencer Ν (1977) Biochem. 3. 167, 703-710 
Schmalst ieg FC, Nelson ЗА, M i l i s GC e t a l . (1977) 3. P e d i a t . 
9 1 , *8-51 
Schmalst ieg FC, M i l l s GC, Nelson ЗА e t a l . (1978) 3. P e d i a t . 
93, 597-603 
S c h o l a r EM 4 C a l a b r e s i Ρ (1973) Cancer Res. 33, 9*-103 
Scholar EM, Brown PR, Parks RE 4 C a l a b r e s i Ρ TT973) Blood * 1 , 
927 
Scholar EM, Rashldian M 4 H e l d r i c k ML (1980) Mech. Ageing Dev. 
12, 323-329 
Schwartz AL, Stern EC 4 Polmar SH (197Θ) C l i n . Immunol. Immuno­
p a t h o l . 9, *99-505 
Schwarzmeier 3, Moser К 4 Rainer H (1972) K l i n . Wschr. 50, 871-
87* 
Seegml l ler 3E, Rosenbloom FM 4 K e l l e y WN (1967) Science 155, 
1682-168* 
Seegml l ler 3E (1978) I n : The year i n metabol ism, 1977 (Ed. N 
F r e i n k e l ) , pp. 253-325. Plenum Press, New York 
Seegml l ler 3E (1980) B r i t . 3. Ann. Rheum. D i s . 39, 103-117 
Segel IH (1976) Biochemical c a l c u l a t i o n s , 2nd e d i t i o n . 3ohn 
Wiley 4 Sons, I n c . , New York 
Shambaugh GE (1979) Am. 3. C l i n . N u t r . 32, 1290-1297 
Shoaf WT 4 3ones ME (1973) B i o c h e m i s t r y 12, *039-*051 
Siaw MFE, M i t c h e l l BS, K o l l e r CA e t a l . TT980) Proc. N a t l . А-
cad. S c i . USA 77, 6157-6161 
Siegenbeek van Heukelom I H , Staal GE3, Stoop 3W 4 Zegers B3M 
(1976) C l i n . Chlm. Acta 72, 117-12* 
Simmonds HA, Sahota A, P o t t e r CF 4 Cameron 3S (1978) C l i n . 
S c i . Mol . Med. 5*. 579-58* 
Simmonds HA, Panayi GS 4 C o r r i g a l l V (1978) Lancet i_, 60-63 
Slmpkins H, Stanton A 4 Davis BA (1981) Cancer Res. * 1 , 3107-
3110 
Skaper SD, W i l l i s RC 4 Seegml l ler 3E (1976) Science 193, 587-
588 
Skupp S, Vugrek G 4 Ayvazian 3H (1979) Biochem. Pharmacol. 28, 
332Э-ЗЗЭ1 
Smith 3W, S t e i n e r AL 4 Parker CW (1971) 3. C l i n . I n v e s t . 50, 
¡ f i t 2 - * * 8 
Smith CM 4 Henderson 3F (1976) Can. 3. Biochem. 5*> 3*1-3*9 
Smith CM, Belch A 4 Henderson 3F (1980) Biochem. Pharmacol. 
29, 1209-1210 
175 
3 » 1 . S m i t h GP, Shah Τ, W e b s t e r ADB 4 P e t e r s TO ( 1 9 8 1 ) C l i n . E x p . Im­
m u n o l . Ite, 3 2 1 - 3 2 « 
3 4 2 . Smyth аГ7 P o p l a c k DG, H o l i m a n ВО e t a l . ( 1 9 7 8 ) 3 . C l i n . I n v e s t . 
6 2 , 7 1 0 - 7 1 2 
3 4 3 . î ï ï y d e r FF, M e n d e l s o h n 3 & S e e g m l l l e r ЗЕ ( 1 9 7 6 ) 3 . C l i n . I n v e s t . 
5 8 , 6 5 4 - 6 6 6 
3 4 4 . S n y d e r FF, H e r s h f i e l d MS i S e e g m l l l e r ЗЕ ( 1 9 7 8 ) C a n c e r R e s . 38» 
2 3 5 7 - 2 3 6 2 
3 4 5 . S n y d e r FF 4 Lukey Τ ( 1 9 8 0 ) Adv. e x p . m e d . b i o l . 1 2 2 В , 2 5 9 - 2 6 4 
3 4 6 . S p e r l i n g 0 , B o e r Ρ, B r o s h S e t a l . ( 1 9 7 8 ) Enzyme 22» i " 9 
3 4 7 . S p e r l i n g 0 , B r o s h S , B o e r Ρ e t a l . ( 1 9 7 9 ) B i o m e d . 3 1 , 2 0 - 2 3 
3 4 8 . S t a a l СЕЭ, S t o o p GW, Z e g e r s ВЗМ e t a l . ( 1 9 8 0 ) 3 . C l i n . I n v e s t . 
6 5 , 1 0 3 - 1 0 8 
3 4 9 . S t o e c k l e r OD, Agarwa l RP, Agarwal КС e t a l . ( 1 9 7 8 ) B i o c h e m i s t r y 
1 7 , 2 7 8 - 2 8 3 
3 5 0 . S t o e c k l e r OD, Cambor С 4 P a r k s RE ( 1 9 8 0 ) B i o c h e m i s t r y 1 9 , 1 0 2 -
1 0 7 
3 5 1 . S t o o p OW, Z e g e r s BOM, H e n d r i c k x GFM e t a l . ( 1 9 7 7 ) N. E n g . 3 . Med. 
2 9 6 , 6 5 1 - 6 5 5 
3 5 2 . S t o o p OW, Z e g e r s BOM, Heynen CO e t a l . ( 1 9 8 0 ) I n : P r i m a r y Immuno­
d e f i c i e n c i e s , INSERM sympos ium n o . 1 6 ( E d s . M. S e l l g m a n 4 WH 
H i t z i g ) , p p . 3 0 1 - 3 1 1 . E l s e v i e r / N o r t h H o l l a n d , Amsterdam 
3 5 3 . S u l l i v a n OL, O s b o r n e WRA 4 Wedgwood R3 ( 1 9 7 7 ) B r i t . 3 . H a e m a t o l . 
У7_, 1 5 9 - 1 6 0 
3 5 4 . S w l t z e r RL ( 1 9 7 1 ) 3 . B i o l . Chem. 2 4 6 , 2 4 4 7 - 2 4 5 8 
3 5 5 . S w l t z e r RL 4 S o g i n DC ( 1 9 7 3 ) 3 . B i o l . Chem. 2 4 8 , 1 0 6 3 - 1 0 7 S 
3 5 6 . S z e i n s b e r g A, C a v e n d o S 4 Cahane D ( 1 9 6 9 ) L a n c e t i , 3 1 5 
3 5 7 . T a h e r l MR, W l c k r e m a s i n g h e RC & H o f f b r a n d AV ( 1 9 8 I T B i o c h e m . 3 . 
1 9 4 , 4 5 1 - 4 6 1 
3 5 8 . T a h e r l MR, W l c k r e m a s i n g h e RC 4 H o f f h r a n d AV ( 1 9 8 1 ) B i o c h e m . 0 . 
1 9 6 , 2 2 5 - 2 3 5 
3 5 9 . T a t i b a n a M & S h i g e s a d a К ( 1 9 7 2 ) B i o c h e m . B i o p h y s . R e s . Comm. 
4 6 , 4 9 1 - 4 9 7 
3 6 0 . T a t i b a n a M ( 1 9 7 8 ) I n : Handbook o f e x p e r i m e n t a l p h a r m a c o l o g y , 
v o l . 51 ( E d s . WN K e l l e y 4 OM W e i n e r ) , p p . 1 2 5 - 1 5 4 . S p r i n g e r 
V e r l a g , B e r l i n 
3 6 1 . T a t t e r s a l l ΜΗΝ, L a v o l e A, G a n e s h a g u r u К e t a l . ( 1 9 7 5 ) E u r . 3 . 
C l i n . I n v e s t . 5 , 1 9 1 - 2 0 2 
3 6 2 . T a t t e r s a l l ΜΗΝ, G a n e s h a g u r u К 4 H o f f b r a n d AV ( 1 9 7 5 ) B i o c h e m . 
P h a r m a c o l . 2Jf, 1 4 9 5 - 1 4 9 8 
3 6 3 . Tax WOM, Veerkamp 3H 4 T r i j b e l s OMF ( 1 9 7 6 ) Comp. B i o c h e m . Phy­
s i o l . 5 4 B , 2 0 9 - 2 1 2 
3 6 4 . Tax WOM, Veerkamp OH, T r i j b e l s 3MF 4 S c h r e t l e n EDAM ( 1 9 7 6 ) 
B i o c h e m . P h a r m a c o l . 25, 2 0 2 5 - 2 0 3 2 
3 6 5 . Tax WOM 4 Veerkamp OH ( 1 9 7 7 ) C l i n . Chim. A c t a 7 8 , 2 0 9 - 2 1 6 
3 6 6 . Tax WOM 4 Veerkamp OH ( 1 9 7 8 ) Comp. B i o c h e m . P h y s i o l . 5 9 B , 2 1 9 -
2 2 2 
3 6 7 . Tax WOM ( 1 9 7 8 ) The i n t e r r e l a t i o n s h i p o f p u r i n e and p y r i m i d i n e 
m e t a b o l i s m In mammal ian b l o o d c r e l l s . T h e s i s , U n i v e r s i t y o f 
Ni Jmeqen . 
3 6 8 . Tax WOM 4 Veerkamp OH ( 1 9 7 8 ) Comp. B i o c h e m . P h y s i o l . 6 1 B , 4 3 9 -
4 4 1 
3 6 9 . Tax WOM 4 Veerkamp OH ( 1 9 7 9 ) B i o c h e m . P h a r m a c o l . 2 8 , 8 2 9 - 8 3 1 
3 7 0 . Tax WOM, P e t e r s CO 4 Veerkamp OH ( 1 9 7 9 ) I n t . 0 . B i o c h e m . 1 0 , 
7 - 1 0 
3 7 1 . Tedde A, B a l i s ME, S c h o n h e r g R fi T r o t t a PP ( 1 9 7 9 ) C a n c e r R e s . 39» 
3 0 4 4 - 3 0 5 0 
3 7 2 . Tedde A, B a l i s ME, I k e h a r a S e t a l . ( 1 9 8 0 ) P r o c . N a t l . A c a d . 
S c i . USA 7 7 , 4 8 9 9 - 4 9 0 3 
3 7 3 . Thompson LF, B o s s GR, S p i e g e l b e r g HL e t a l . ( 1 9 7 9 ) 0 . Immuno l . 
1 ? 3 , 2 4 7 5 - 2 4 7 8 
3 7 4 . T h u i l l i e r L, C a r r e a u F 4 C a r t i e r PH ( 1 9 8 1 ) Eur . 0 . Immunol . 1 1 , 
7 8 8 - 7 9 4 
1 7 6 
3 7 5 . T o r r a n c e 3D 4 W h i t t a k e r DA ( 1 9 8 1 ) Enzyme 26, 6 4 - 7 3 
3 7 6 . T r a u t TW 4 J o n e s ME ( 1 9 7 7 ) B i o c h e m . P h a r m a c o l . 2 6 , 2 2 9 1 - 2 2 9 6 
3 7 7 . T r l t s c h CL 4 N l s w a n d e r PW ( 1 9 8 1 ) B i o c h e m . Med. 2 6 , 1 8 5 - 1 9 0 
3 7 8 . T r l t s c h CL 4 N l s w a n d e r PW ( 1 9 8 1 ) Immuno l . Comm. 1 0 , 1-8 
3 7 9 . T r o t t a PP, Ah land MP, Brown GF 4 B a l i s ME ( 1 9 7 8 ) M o l . P h a r m a c o l . 
M , 1 9 9 - 2 0 9 
3 8 0 . T r o t t a PP, P e t e r f r e u n d RA, S c h o n b e r g R 4 B a l i s ME ( 1 9 7 9 ) B i o ­
c h e m i s t r y 1 8 , 2 9 5 3 - 2 9 5 9 
3 8 1 . T s u c h i y a 5 . Ara l Ν, Kudo M e t a l . ( 1 9 7 9 ) Tokuhu 3. E x p . Med. 
1 2 8 , 2 5 1 - 2 5 8 
3 8 2 . Tung R, S i l b e r R, Q u a g l i a t a F e t a l . ( 1 9 7 6 ) 3 . C l i n . I n v e s t . 
5 7 , 7 5 6 - 7 6 1 
3 8 3 . T ^ r s t e d С 4 S a r t o r e l l i AC ( 1 9 6 8 ) B i o c h i m . B i o p h y s . A c t a 1 5 5 , 
6 1 9 - 6 2 2 
384. T y r s t e d G , " M u n c h - P e t e r s e n В 4 C l o o s L ( 1 9 7 3 ) E x p . C e l l R e s . 
7 7 , M 5 - 4 2 7 
3 8 5 . T y r s t e d G ( 1 9 7 5 ) E x p . C e l l R e s . 9 1 , Ь29-ііЬ0 
386. U b e r t i Э, L i g h t b o d y 3 3 , Wolf 3W e t a l . ( 1 9 7 8 ) C l i n . Immuno l . 
I m m u n o p a t h o l . 1 0 , 4 4 6 - 4 5 8 
3 8 7 . U b e r t i 3 , L i g h t b o d y 3 3 4 J o h n s o n RM ( 1 9 7 9 ) 3 . Immunol . 1 2 3 , 
1 8 9 - 1 9 3 
3 8 8 . U l l m a n В, Cudas L 3 , Cohen A 4 M a r t i n DW ( 1 9 7 8 ) C e l l 1 4 , 3 6 5 - 3 7 5 
3 8 9 . U l l m a n B, Gudas L 3 , C l i f t SM 4 M a r t i n DW ( 1 9 7 9 ) P r o c . N a t i . 
A c a d . S c i . USA 7 6 , 1 0 7 4 - 1 0 7 8 
3 9 0 . U l l m a n В, C l i f t SM, Gudas L3 e t a l . ( 1 9 8 0 ) 3 . B i o l . Chem. 2 5 5 , 
8 3 0 8 - 8 3 1 4 
3 9 1 . U l l m a n B, L e v i n s o n BB, H e r s h f i e l d MS 4 M a r t i n DW ( 1 9 8 1 ) 3 . B i o l . 
Chem. 2 5 6 . 8 4 8 - 8 5 2 
3 9 2 . U s h e r DC 4 R e i t e r H ( 1 9 7 7 ) C e l l 1 2 , 3 6 5 - 3 7 0 
3 9 3 . U u s l t a l o R3 ( 1 9 8 1 ) H i s t o c h e m . 3 . 1 3 , 5 2 5 - 5 3 4 
3 9 4 . V a l e n t i n e WN, Fink K. P a g l i a DE e t a l . ( 1 9 7 4 ) 3 . C l i n . I n v e s t . 
5 4 , 8 6 6 - 8 7 9 
3 9 5 . V a l e n t i n e WN, P a g l i a DE, T a r t a g l i a AP 4 C i l s a n z F ( 1 9 7 7 ) S c i e n c e 
1 9 5 , 7 8 3 - 7 8 5 
3 9 6 . Van B e l l e H ( 1 9 6 9 ) B i o c h i m . B i o p h y s . A c t a 1 9 2 , 1 2 4 - 1 3 2 
3 9 7 . Van den B e r g h e G, Bronfman M, V a n n e s t e R 4 H e r s HG ( 1 9 7 7 ) B i o ­
chem. 3 . 1 6 2 , 6 0 1 - 6 0 9 
3 9 8 . Van den B e r g h e G, B o n t e m p s F 4 H e r s HG ( 1 9 8 0 ) B i o c h e m . 3 . 1 8 8 , 
9 1 3 - 9 2 0 
3 9 9 . Van d e r Weyden MB 4 K e l l e y WN ( 1 9 7 6 ) 3 . B i o l . Chem. 2 5 1 , 5 4 4 8 -
5 4 5 6 
4 0 0 . Van d e r Weyden MB 4 B a i l e y L ( 1 9 7 8 ) C l i n . Chim. A c t a 8 2 , 1 7 9 -
1 8 4 
4 0 1 . Van L a a r h o v e n 3PRM, S p i e r e n b u r g GT, De Bruyn CHMM 4 S c h r e t l e n 
EDAM ( 1 9 8 0 ) Adv. E x p . Med. B i o l . 1 2 2 B , 2 8 3 - 2 8 8 
4 0 2 . Van O o s t e r o m R ( 1 9 8 0 ) Humoral f u n c t i o n o f t h e human t h y m u s . 
S t u d i e s on t h e e f f e c t s o f human t h y m i c e p i t h e l i a l c o n d i t i o n e d 
medium on T - l y m p h o c y t e r e a c t i v i t y . T h e s i s , S t a t e U n i v e r s i t y 
o f U t r e c h t 
4 0 3 . Veerkamp 3H, P e t e r s G3 4 Tax W3M ( 1 9 7 9 ) I n : M o d e l s f o r t h e s t u ­
dy o f i n b o r n e r r o r s o f m e t a b o l i s m ( E d . FA Hommes) , p p . 1 7 1 - 1 7 7 . 
E l s e v i e r , Amsterdam 
4 0 4 . V e n n e r PM, G l a z e r R I , B l a t t 3 e t a l . ( 1 9 8 1 ) C a n c e r R e s . 4 1 , 
4 5 0 8 - 4 5 1 1 
4 0 5 . Wada Y, N l s h i m u r a Y, Tanubu M e t a l . ( 1 9 7 4 ) Tokohu 3 . E x p . Med. 
1 1 3 , 1 4 9 
4 0 6 . Warren KR 4 G l i n o s AD ( 1 9 7 6 ) F e d . P r o c . 3 5 , 1 7 3 2 
4 0 7 . W a t t s RP, B r e n d e l К, L u t h r a MC 4 Kim HD T T 9 7 9 ) L i f e S c i . 2 5 , 
1 5 7 7 - 1 5 8 2 
4 0 8 . W a t t s RWE, P e r e r a YS, A l l s o p 3 e t a l . ( 1 9 7 9 ) C l i n . E x p . Im­
m u n o l . 3 6 , 3 5 5 - 3 6 3 
4 0 9 . Weber G ~ T l 9 7 7 ) N. E n g . 3 . Med. 2 9 6 , 4 8 6 - 4 9 3 and 5 4 1 - 5 5 1 
1 7 7 
¡HO. Weber С, J a c k s o n RC, W i l l i a m s DC e t a l . ( 1 9 7 7 ) Adv. Enzyme Req. 
1 5 , 5 3 - 7 7 
4 1 1 . W e b s t e r ADB, N o r t h H, A l l s o p 3 e t a l . ( 1 9 7 8 ) C l i n . E x p . Immunol . 
3 1 , 4 5 6 - 4 6 3 
4 1 2 . W l g i n t o n DA, Coleman MS & H u t t o n 3 3 ( 1 9 8 0 ) 3 . B i o l . Chem. 2 5 5 , 
6 6 6 3 - 6 6 9 9 
4 1 3 . W i l l e m o t ^ H a r t i n e a u R, D e s R o s i e r s С e t a l . ( 1 9 7 9 ) L i f e S c i . 
2 5 , 1 2 1 5 - 1 2 2 2 
4 1 4 . W i l s o n 3M, M i t c h e l l B S , Daddona PE & K e l l e y WN ( 1 9 7 9 ) 3 . C l i n . 
I n v e s t . 6 4 , 1 4 7 5 - 1 4 8 4 
4 1 5 . W o l b e r g '57 Zimmerman TP, H i e m s t r a К e t a l . ( 1 9 7 5 ) S c i e n c e 1 8 7 , 
9 5 7 - 9 5 9 
4 1 6 . W o l b e r g C, Zimmerman TP, Duncan GS e t a l . ( 1 9 7 8 ) B i o c h e m . P h a r ­
m a c o l . 2 7 , 1 4 8 7 - 1 4 9 5 
4 1 7 . Wong P C I - * Murray AW ( 1 9 6 9 ) B i o c h e m i s t r y 8 , 1 6 0 8 - 1 6 1 4 
4 1 8 . Wood AW & S e e g m i l l e r ЗЕ ( 1 9 7 3 ) 3 . B i o l . Chem. 2 4 8 , 1 3 8 - 1 4 3 
4 1 9 . Wood AW, A s t r i n KH, McCrae ME 4 B e c k e r MA ( 1 9 7 T 5 _ F e d . P r o c . 
F e d . Am. S o c . E x p . B i o l . 3Z_, 6 5 2 
4 2 0 . Wortmann RL, A n d r e s С, K a n i n s k a 3 e t a l . ( 1 9 7 9 ) A r t h r i t . Rheum. 
2 2 , 5 2 4 - 5 3 1 
4 2 1 . Wortmann RL, M i t c h e l l BS, Edwards NL 4 Fox IH ( 1 9 7 9 ) P r o c . N a t . 
A c a d . S c i . USA 7 6 , 2 4 3 4 - 2 4 3 7 
4 2 2 . Wung WE 4 H o w e l l SB ( 1 9 8 0 ) C l i n . Chem. 2 6 , 1 7 0 4 - 1 7 0 8 
4 2 3 . Wyngaarden 3B 4 H o l m e s 3R ( 1 9 7 7 ) I n : P u r i n e and p y r i m i d i n e me-
m e t a b o l i s m ; C iba F o u n d a t i o n s y m p o s i u m 4ji, p p . 4 3 - 6 4 
4 2 4 . Yamada Y, Goto H 4 O g a s a w a r a N ( 1 9 8 0 ) B i o c h i m . B i o p h y s . /Jeta 
6 1 6 , 1 9 9 - 2 0 7 
4 2 5 . Yeh GC 4 Phang ЭМР ( 1 9 8 1 ) B i o c h e m . B i o p h y s . R e s . Comm. 1 0 3 , 
1 1 8 - 1 2 4 
4 2 6 . Yen RCK, Adams WB, L a z a r С 4 B e c k e r MA ( 1 9 7 8 ) P r o c . N a t . A c a d . 
S c i . USA 7 5 , 4 8 2 - 4 8 5 
4 2 7 . Yip LC 4 B a l i s ME ( 1 9 7 5 ) B i o c h e m . B i o p h y s . R e s . Comm. 6 3 , 7 2 2 -
729 
4 2 8 . YIp LC, Tedde A 4 B a l i s ME ( 1 9 8 0 ) B i o c h e m . P h a r m a c o l . 2 9 , 2 8 8 8 -
2 8 9 0 
4 2 9 . Z a n n i s V, D o y l e D 4 M a r t i n DW ( 1 9 7 8 ) 3 . B i o l . Chem. 2 ^ 3 , 5 0 4 -
5 1 0 
4 3 0 . Z i e g l e r 3B, Lee GH, Van d e r Weyden MB e t a l . ( 1 9 8 0 ) A r c h . D i s . 
C h i l d h o o d 5 5 , 4 5 2 - 4 5 7 
4 3 1 . Zimmerman T P , S c h m i t g e s C 3 , W o l b e r g G e t a l . ( 1 9 8 0 ) P r o c . N a t . 
A c a d . S c i . USA 7 7 , 5 6 3 9 - 5 6 4 3 
4 3 2 . Zimmerman TP, W o l b e r g G, Duncan GS 4 E l i o n GB ( 1 9 8 0 ) B i o c h e m i s ­
t r y 1 9 , 2 2 5 2 - 2 2 5 9 




Godefr idus ( F r i t s ) Johannes Peters werd op 19 a p r i l 1952 gebo-
ren te Helden. Na het behalen van het Mulo-A diploma i n 1967 bezocht 
h i ] het B lar iacumcol lege te V e n l o - B l e r i c k , waar h i j i n 1970 het 
HBS-B diploma behaalde. In he tze l f de j a a r werd g e s t a r t met de s tud ie 
b i o l o g i e aan de Ka tho l ieke U n i v e r s i t e i t te Ni jmegen. Het kand idaa ts -
examen Rk ( b i o l o g i e en scheikunde) werd i n september 1973 a fge legd . 
De d o c t o r a a l s t u d i e omvatte de b i j vakken genet ica en exob io log ie en 
het hoofdvak biochemie. In j a n u a r i 1977 werd het doctoraalexamen 
b i o l o g i e behaald (met onderw i j saan teken ing ) . Het h i e r beschreven 
onderzoek werd v e r r i c h t op het biochemisch labora to r ium van de Me-
sche F a c u l t e i t onder l e i d i n g van Pro f . Dr. 3.H. Veerkamp en gesub-
s i d i e e r d u i t de U n i v e r s i t a i r e Onderzoeks Pool van de Ka tho l ieke 
U n i v e ç s i t e i t van augustus 1977 t o t november 19Θ1. Gedurende deze 
t i j d werd ook een b i j d r a g e geleverd aan het o n d e r w i j s aan studen­
ten m e d i c i j n e n en tandheelkunde. 
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I . A k t i v i t e i t s m e t i n g e n en k i n e t i s c h e s t u d i e s i n e x t r a c t e n kunnen 
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3. Als enzymakti vi tei ten in geïsoleerde intacte cellen op eiwit-
basis worden uitgedrukt, dient ook de eiwitinhoud van de cel 
vermeld te worden. 
4. Aangezien ribonucleotide reductase niet alleen gereguleerd 
wordt door deoxyATP, zou ook de concentratie van andere regu-
lerende nucleotiden beschouwd moeten worden in studies waar-
bij de resultaten verklaard worden door de accumulatie van 
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5. Op grond van de resultaten van Tattersall en medewerkers en 
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Tattersall ΜΗΝ, Lavoie A, Ganeshaguru К et al. (1975) 
Eur. Э. Clin. Invest. 5, 191-202 
Dit proefschrift, hoofdstuk 9 
6. De rol van adenosine deaminase bij de superoxide vorming van 
macrofagen van gezonde en immunodeficiënte personen verdient 
nader onderzoek. 
Tritsch CL 4 Niswander PW (1981) Biochem. Med. 26, 
185-190 
Yagawa К 4 Okamura 3 (1981) Infect. Immun. 32.» 394-397 
7. De s p e c i f i c i t e i t van " s p e c i f i e k e " remmers neemt af naarmate 
er meer p u b l i k a t i e s over v e r s c h i j n e n . 
8. De c o n c l u s i e dat de v e r t a k t e aminozuur o x i d a t i e i n s p i e r e n 
van gevaste r a t t e n hoger i s dan i n d i e van gevoede r a t t e n , 
i s onvoldoende bewezen. 
Goldberg AL 4 Odessey R (1972) Am. 3. P h y s i o l . 223, 
1384-1391 
T i s c h l e r ME 4 Goldberg AL (1980) Am. Э. P h y s i o l . 238, 
E480-El*86 
9. Het gebruik van bloed bij het kweken van microorganismen kan 
variaties geven, die het stellen van een diagnose onbetrouw­
baar maken. 
Sundqvlst G 4 Dohansson E (1982) Scand. 3. Dent. Res. 
90, 29-36 
10. Een van de weinige overeenkomsten tussen de meeste wetenschap­
pelijke tijdschriften is de stijl waarin de 'Editors' hun be­
slissingen weergeven. 
TIBS (1981) б, V 
11. Als een artikel meer dan 4 à 5 auteurs heeft, is het onwaar-
schijnlijk dat al deze auteurs een evenredige bijdrage hebben 
geleverd bij de totstandkoming. 
12. Karl May's boeken getuigen van een diep inzicht in de cultuur 
en psyche van de Indiaan en de Arabier en geven een getrouw 
beeld van hun natuurlijke omgeving. 
13. Het feit dat "Limburger" zelfs de kolommen van het gezagheb-
bende tijdschrift 'Science' haalt, geeft deze kaas een bij-
zonder odeur. 
Science (1981) 213, 1238 
14. Gezien de verschillen in purine- en pyrimidinemetabolisme in 
lymfocyten van mens en paard, zouden 'centauren' een interes-
sant modelsysteem kunnen zijn. 
lb. Brood van de echte warme bakker is minstens even gezond als 
zogenaamd alternatief brood. 
Mededeling van L. Peters, echte warme bakker 
16. Over 5 Jaar is het raadzaam voor een doctorandus van voor de 
'Twee Fasen Structuur' dit expliciet in zijn sollicitatie-
brief te vermelden; over 10 jaar geldt dit ook voor gepromo-
veerden. 
17. Voordat men een paard bestijgt, dient men te weten dat teu-
gels geen rempedaal en sporen geen gaspedaal zijn. 


